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ERRATA -

Page 33, line 11: For 74" read 74°.

Page 104, Table heading: For Data Set 2 read Data Set 3.

Page 150, iiec 16; Following and 11.3 should be a parenthitical

remark: (as drawn for the full set of data)

F




L I O e e e

Part 1.
INTRODUCTION

On November 25, 1954, two aircraft rendezvoused with the R. V. ATLANTIS
at a point in the North Atlantic. The aircraft made a sequence of passes 'ovcr
the ATLANTIS and flew back to base, Months of preparation went into the
flight, months of thought went into the problem of what to do with the data ob-
tained on the flight and by the ATLANTIS, and months of work went into the
numerical processing of the data.

The results of the flight were stereo pairs of photographs of the sea sur-
face. The ATLANTIS provided base line calibration and wave pole and visual
observations. Two of the best pairs of photos were reduced to 5400 numbers
on a rectangular grid., The wave pole records were reduced to a time series
of discrete points of about 1,800 numbers each. The purpose was to take the
tvo sets of 5400 numbers, estimate the directional spectrum of the waves on
the sea surface and compare it with the frcquency spectrum as estimated for
the three sets of 1800 points read from the wave pole records as a check.

To go from the 10,800 stereo numbers and the 5,400 wave pole numbers
to the desired spectra required a total of about’ 9,000,000 multiplications and
an equal number of additions. After the directional spectra were computed,
the resulis octained were inconsistent with the theoretical models, and the
stereo data had to be carefully re-analyzed with the result that part of the
data had to be discarded. The 5400 numbers were reduced to about 3500

numbers, and the computations ‘were done over again.




.

This task has just been accomplished, and the purpose of this repcrt

is to tell how the operation was planned, how the data were obtained, and how

the computations were made. Finally, the results obtained will be analyzed

and interpreted. The original data, the reduced data, and the results of all

computations are included in both pictorial and tabular form.

As this report is studied by its readers, it will become apparent that it

would never have been written were it not for the combined efforts of a very

large number of people with diverse talents and abilities. They represent a

wide variety of U.S. Navy organizations and civilian research organizations.

L J
As many as possible have been mentioned and thanked in this report, but some

who have helped immensely in this work remain anonymous because it 1s not

possible to list them all. Our thanks are extended to 2)) individuals who

helped in this work and to all cooperating groups, and the hope is expressed

that the final analysis of the results will prove of sufficient value to justify

the tremendous effort expended on this task.
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COOPERATINC AGENCIESC AND ORCAITZATION
This part conceras the arraagemente, ineetings, official letters, af

cussioms aar exchanges of ideas that woxnt into bringing together the many dl-

verse people and agencies who countributed to SWOP and witheat whose zealst-

0

ance SWOP wonuld not have succended.

Thae probler: ae first prezenmted in the fall of 1952 wee tn nbtals 22 acou-
¢

rate represextation of the directional propertiies of real vcean waver., The
first job was to try to find cut whetker or uot the proveses plan was fezslbie
anc to get and review the critical aviaiox of others 2a to whather or pot it
reeded doing, Marks had heexr studylng waves by sterso teciniques, il ona
much reduced scale, 3By taking nantographs {ram z bridge, he wis 2ble ¢ get
useful datza oa the twomdirm » sivaal wave spectrur: for a rathxer lionited fetch

[ARPY ¥

This, however, was qu:t« at thingfram tiking stereo-plintor fram
. 2 | ]
2irplazes far out in the opex oc2aa, Letiere werse writltex to peuple dolng wave

regezarch asking heir opinior, I=- the renlies there waar yemesal agracrn2nd
PN £

that 2 gnoc statictical treatment o7 a witole aran of the gez svriace o necers-

(%]

™
‘

orry beforethe2rt of understanding waves couwld he rnuck advauzed, In 2 letler
to the axthor ie February 1954, Walter Muxk, of the §1C, riziad tuat .,
thke two-di'nensionz! amzlysie is certainly the esseatial prohlerm now, Iz fact,
T have sume serious doubts zs to whether firther exteasive work az frequency

analyais of records takexz at 2 sisngle poimt ir evez worttwile, If oze ise: a

sperctz2! presextation of wave3, oze snoueld really gro al! v way or wotatail,
3
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Asxsured that the study was needed, the first of a long series of letters,
olf-cial and otherwise, which helped bring together all the necessary people
and components which were needed tp make the plan succeed were written,
In addition to the actual task of taking the photos under suitable wave con-
ditions the data had to be analyzed on a stereo planigraph or similar instru-
ment and facilities for the immense task of computing the required quantities

with high speed digital computors had to be obtained.
The first piece of official correspondence on SWOP in the files is dated

November 9, 1953. It was a formal letter from the Chief of Naval Research

to the Chief of Naval Operations outlining the reasons for the SWOP project

and asking for certain services., Cameras, airplanes and a radio link for

firing the cameras were requested. The letter went via the Bur-au of Aero-

nautics for comment. It picked up a favorable endorsement recommending

11t the project be assigned to the Photographic Squidron VJ-62 in Sanford,

lorida, To the practiced eye of our friends in CNO it was obvious that

t1: proposed job was much more complicated than the letter indicated.
~ The Naval Photo Interpretation Center was asked by CNO to study the

proposal and comment. Asaresult of the review, a number of critical points

were raised. There were problems of control of‘ aircraft height, of control of
1istance between aircraft, of tilt and of simultaneous firing of the cameras.
Establishing a pattern that was to become a routine method of solving the
problems which arose, a conference of all concerned was called to discuss
This conference which was held at the Naval Photo-

each point in detail,
4
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graphic Interpretation Center, Anacostia, Maryland, on Marchk 2, 1954 1s
described by Marks in Part 4 of this report.

It would have been useless, however, to proceed with plans and the con-
;truction of equipment for SWOP without some assurance that a vi:ssel could
be made available. The vessel would have to go to the target area some place
in the North Atlantic and wait, no one knew exactly how long, for favorable
meteorological conditions to occur. This assurance was given by WHOI.

The ATLANTIS could be put at the disposal of SWOP given sufficient advance
notice. Getting an oceanographic research vessel with a very heavy schedule
of other "equally important' projects under such circumstances would have
been extremely difficult without the enthusiastic and understanding co-
operation of Dr. Columbus Iselin of WHOI.

The next item on our critical list was the weather. The Division of
Oceanography, U.S. Navy Hydrographig Office was asked for advice con-
cerning the best time and place for finding the desired wave conditiéns.

A report on this aspect of the work is given in Part 6 of this report.

The errors which could be anticipated in the data had been estimated
and it had been shown that significant results could be obtained in spite of
these errors. By May of 1954 enough arguments had been mustered to
permit another try through official channels to get the airplanes and
cameras we had to have.

During a conversation with Cdr. James® about the possibility of using
blimps to do the job, he suggested that NADU was the place to 70 for help.

*ONR Air Branch



Fortunately, Cdr. Robert H. Woods, Commanding Officer of the Naval Air
Development Unit, and Cdr. Hoel, also of NADU, were in Washington on

some other business and the problem was discussed with them. They were
both interested, even enthusiastic about our project. We talked about using
two of NADU's blimps to do the job. Their stability, slow motion and free-

dom from vibration were particularly appealing. At last, operational people

were interested in helping us. In the next few months the officers and men

at NADU accepted each problem in the series of many to be overcome in our
job as a challenge and rnade it a point to find the best answer in each case.
It is impossible to give NADU too much credit for the magnificent job they

did for us.

On 16 July 1954, an interoffice memorandum was written explaining the

necessity of assigning a driority of 'B" to our project with NADU, The
stringent weather requirements we had to meet and the necessity of being
able to plan well in advance in order to have the WHOI R/V ATLANTIS, the
NADU airships, and the weather all be at t.he'righi plzaégat the same time
were outlined. The priority was granted and on 19 July a letter was sent
from ONR to NADU setting up a project directive for the accomplishment

of SWOP. An abstract of the project contained in this letter will provide

some idea of the plans at ihis point:

""The Naval Air Development Unit will make one flight
consisting of two aircraft (equipped with trimetrogon
cameras and an FM radio link for the purpose of iriggering
the two cameras simultaneously) to a target area approximately
300 to 400 miles .out over the North Atlantic. The Woods Hole

Oceanographic Institution research vessel ''Atlantis'" will be

6
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= the center of the targe: area making sumereus and coatimious
wave observatiens aad previdizg 2 '‘ground contral” fer the

aeria! photegrapky by determining accurate distances between
the "Atiantis" and a buoy. Fersonnel fresm the Woeds Hale

Oceazogrzphic Institution will assiet in instaliatien of

tke cameras and construct the FM radie link, "
The stab!’ization of the airships in the rough weather they were apt te en-
counter wkile fiying our mission was a problem, We e2xpected to lick this by
gyrostabiiizing t:e camera meunts.

Or 19 July, arrangements were made through our Property Branch for
tt.e loar of the follow'ng equipmen{ from the Photographic Division in the
Bureau of Aerorautics:

4 CA-8 aerlal reconnaissance cameras

2 Gyrostabilizing mounts

8 rolls of Topographkic Base, Panchkromatic film
9i/2" x 200°

BuAer was most cqoperaiive and helpful in loaning us this much needed

equipme:z,

O 25.July another letter was #ent tn NADU from ONR designating
Wilbw: Mzrks of WHOI as ONR fleld representitive for tité SWOP p;oject.
Two weeks later a conference was keld at South We;mouth to set up de-
tailed spe:ificat ons and plans for SWOP, Lt,jg. Chandler was assigned to
organize NADU's participation i: SWOP. He, L Cdr Ckamplin, Cdr Hoel
and Marks were able to clarify idexs about some.of the equipment require-
ments, Tte aizthor went to work trying to get some of the items not avail-
able at Woode Hole or NADU wikich they thougkt they would need. The results

of the conference ar+ descriled by Marks in Part 4. A meost important
7



Tosul: was the decision 0 change over frem biimps to P2V's.

A meeting on the 19tk of August marked anether milestome in the step
by step progress we were making. Marks, Reane, Whitney and Walden
from Woods Hole, Cdr. Leffen, L Cdrs. Finlaysoa, Docktor, amd Price
from NADC, two representatives from Hydro, Pierson from NYU, and my-
self from ONR attended, and Cdr. Wood, Cdr. Hoel, L Cdr. Champlin,

L Cdr. Hollingshead and Lt. jg Chandler acted as hosts at NADU, Thanks
mainly to the staff at NADU, a detailed program for the accomplishment of
the operation was worked out. The participants were assigned various -
tasks and dates were set up for tertative completion of various phases of the
project.

As a result of the conference my tasks were to arrange for the develop-
ment of the film at Bermuda and Anacostia, to get official authorization
through BuAer for the installation of the cameras on thc P2V's by the NADC

and to get the necessary films and magazines (also through BuAer) sent to

WHOL
A date was set for the test flight, 27 September, and a target date for

the actual photographs at sea, 1 October. Comsidering the many things that
still needed doing and the arrangements that had to be m;de, this was push-
ing things just a bit., But to delay longer would have put us into the winter
months with less chance of getting just the right ‘meteo.rologica.l conditions,
On 25 October a letter was written to the Naval Photographic Center,

4
NAS Anacostia, asking them to develop our black and white and color film
8
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¢ tained both during the test flights for SWOP and the actual project flights.

We wanted immediate development of the test flight film in order to be able
to check out the photographic system. The P2V's were to land at Anacostia

imimediately after flying the test hop so that the films could be developed at
the NPC and inspected by someone from the Photogrammetry Division of the
U.S. Navy Hydrographic Office for accuracy with a minimum of delay. The

test flight was planned for the third week in September. The results of the
analysis of the test data and of the data finally obtained are described by
members of the staff of the Photogrammetry Division of the U.S. Navy
Hydrographic Office in Part 6.

The flight check showed that one of the two cameras sent to Johnsville
for installation was defective. Luckily we had originally asked for four
cameras so we had spares to fall back on. The Photogrammetry Di*“si0n
at Hydro checked these cameras for us and were able to find two good
cameras ~for us out of the four BuAer had originally sent.

On September 16th a letter was s.ent from ONR to Hydro asking for
their assistance in providing the required wave forecast. This request
was made supplementary to the request for services from the Photogram-
metry Branch and was intended to be part of the same project. Hydro, of
course, agreed to provide thete additional services. This aspect of the
work is also discussed in Part 5.

On the 29th the test flight was made. I was waiting at the field at Ana-

costia for the P2V's to arrive. It was slightly after the desk workers quit-

9



ting time when both planes touched down. The magazines were removed
from both cameras and taken to the Navy Photo Center for development,
Later that night the films had been inspected. Everything was fine except

that Uie corners of the Pictures taken from both cameras were blurred. The
cameras had been mounted too high up in the fuselage of the aircraft so that
part of the field of view was being cut off. Some minor surgery on the mounts
was all that was required. By the 12th of October everything was ready to
roll and Marks issued detailed instructions to all parties outlining exactly
what and how each was to do his part,

On the 15th the Woods Hole Port Captain issued letter instructions to
the ATLANTIS Captain to depart Woods Hole on or about the 17th for latitude
39N, longitude 63.5W to the rendezvous with the waves, the weather and the
P2V's. It was hoped that SWOP would be over and done with by the 25th so
that the ATLANTIS could be back at Woods Hole on the 27th as early in the
day as possible. l

W' en the right weather and cloud conditions finally occurred, the
ATLANTIS was there after waiting fo; one week; the planes were there; the
cameras were functioning; and on the 25th of October the pictures were taken.

There remained the unexciting task of cleatning up after the operation.
All the various items of borrowed equipment had to be returned. There was
more correspondence back and forth Piecing together some of the loose ends.
Marks sent down a data sheet for the distance between the raft and the.

ATLANTIS in each pair of photographs. Prints of the best stereo pair ac-

cording to the judgment of Hydro's Photogrammetrists were sent to him.
10 '
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Detai's of th: grid arrasgement were worked out. BuAer was rotifled that

the operational part of SWOP was over and all ~oncerned were '* anked for
L 4

their help and cooperation. A similar letter was sent to NADU via *teir

boss, the Commander, U.S. Navy Air Bases, st Naval District.
The films exposed over the North Atlantic were deveioped and sent to

the Hydrograpkic Office. The low light intensity available during the SWOP

flight threatened to produce negatives of marginal value, but carefu develop-

ment by the NPC at Anacostia saved the day,

Hydro locked over the stereo pairs, picked one of the best and began
contouring.

Further work came to a temporary hait while Hydro's presentation of
the contours were sent to Pierson and Marks for study. As was expected
there was some tilt in the contouring, The Photogrammetry people a* Hydro
did their best to level the stereo-pair before contouring, but we all realized
that with no esga«l;uuhed referénce plane fraom which to' work, perfect level-
ing would be impossibie. The contours showed a range of heighta from
one foot to 24 feet while actual wave pole measurements taken or th~
spot from the ATLANTIS gave a significant wave height of abou: 7 fee:,

In addition to this tilt a somewhat closer look showed a ridge runuing al-

most exactly down the center of the 2,000' x 4,000' rectangle caused by the

stereo-pbotos paralleled by a trough about 500' away. Iz order for this

feature to be real, a wave with a height of at least 9 feet and a period of

about 14 seconds would have been in the area photographed. No such wave
11 :



Could “a7¢ Deen gecericer . banes meenrnlog.cal distarbance 1n the

Atlaz.tic 1ires. We were {urces ‘0 «o0s i:de 52 *he contoured surface was

not o~y tisted wi.c wirped i+ some cort of "'barrel’ shape witk ax:s parallel

to tte oy s des of ke (d2t0ured rectingle. Fortinately, this barrel type

of distortinm wag 0t prese-t [+ otlier stereo pa:rs and the only real problem

turned out to be tr: of removicg tilt from the analyris and determ:ning a

rero reference piane,

Ire tilt was ot too serious. Mathematical analysis could take most

o

of the tit out of tue dat, Alter 2 d scussion waith Hvdro, it was suggested

Ty me that we rave Hodro gove us the dita inthe form of discrete elevations

on i grid systern,  They test tvat such datt would be more accurate and take

P

'ess time Lian contouring, It jooked as if 1% were ahout time for another

small conference to see w'ere we stood and determone just what should be

d')neu

3 e - .”"-J 3 4 -
‘Dr. Piersor came dowr from NT T on the firsi of March and we had a - » -

vory profitabie discussion wilr the people at llydro's Photogrammetry

Branch., i'e wig fire 1o oble to deilde on a simple 30 x 30 foot grid sys-

tem wity sides paralle’ to e protographs. Unfortunately, the sides of the

e directlon of the gurfoce waves as ex-

photographs did not lire up with th
pected, Tte pretiminiry analysls of the data is described iv Part 7 of

+3%, 0 r;-.)()rt'

e aat

Tre _mportart thing, Yowever, was to have the grid system point in

the same geometr cil directios I cach of tre three pairs of photographs

id

s i 2 o
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wlicl were to be proce OF ST Npegiip. *HY c220/L seect 0n from he
avaiiabie prinis, lyvdre wie zhle 7 come vp walan good purs w b der-

tical orierntation and anether v ’«‘:h vp.s only 3 differens Y- d.recrior from
v .
Azaagr - '
the other *=wc. Thev se: ub tse ;r‘d sys..c r\‘v‘ the third so that St was 1l gned

- & :

3 3 , B a b, - :
ir the same direction as 'n the firs: ¢ *El"{td aystem of 60.x 90 points
\

.- wee

~N [}

was finally settled upor, and Hj;dro‘be ¢he labarious task of gr‘;xd;{zg out

surface.
L 4 - e

xbatmpu?ﬁr* vrobe. :
lem was to getl it anzlyzed. We turred again to the
-

N[ AC "By this

\
time the demands for tirne o= t.‘.e‘r computer had grow‘e trome::dousl Trey

With the data soon ‘o be pouring out of Hydr

would, however, bhe willing ta run the analysig if i * programmed A ‘v
v
Dr. Pierson investigated the possibility of having th  '_ Wmming t;one 3,{ r
NYU. ' The Eng:reering Statisiics group of the N - . der *2
the dired{ ‘onsof Mr, Leo Tick undertook to d e ARTY i aifonth s,
- \ L 3

So, while Hydro was amassing ¢he ‘ables of rumbers thar were 50 irmport-

ant, Mr. Emanuel Mexr wzs workinz ou* the problemns of tel] =g 3 Mmass of
»
‘e ®

vacuum tubes and wires {the UNIVAC) what in do wih the numbers e i--
] .

tended (o feed it. By tte firet of April, Hvdro was begin=ing to, gr ind out the
datz ard I went out to see how they were doing 324 ta k with rhem about the

ject. I was very much :mpressed with the carefu! and accurate job they

projec
were doing. They felt thzt their observations vere accurate ‘o plus or

minus one foo! ard reproducibiiity to about 2/5ths of a fout, As a check, I

13



Piche 04t *wu spo étia - 4 cady veterrmined andssied for
a check, 1= bo'r canes 'te operator came within 1,5 foot of the previously
recorded read:ng, By the 21s* of April the forst set of 5,400 spot heights
had been completed and Hydro was proufread.ng the typed tables, These

were forwarded 1o ONR oa May 6, 1955, Ihejs(-cond set of 5,400 SWOP

rumbers came into myv office from Hydro. By this time they were turning
: <

out work at a good ri‘e and doing an even more accurate job, Thke:r esti-

mate was that the second batch of data was accurate to within plus or minus

. H.feet.
My

By the first of Julv lHydro ~ad forwarded the iast set of the three sets'}h
of data. This alsc was accura*e to within plus or minus .5 feet. Thus one
phase of the SWOP operation came to a rlose, The extraction of the raw

data from the steren photographs had been completed.

4
-

L]
The question of whetter or not we should nave Hydro . .ntour another

set of photos in order to show up some of tt.e fine structure which would be

E

liminated from data tiken from spotheights alone arose at this time, It

wusagreedthat this should bedone but at a later date when SWOP was farther

along. A .

*".' aph 2

It rerna:ned to analyze this data carefully to elimirate the tilt whick
wag known to be presert in each model and firally to subject the data to
anglysis on an eiectronic camputer., Ourazttentions were now fccused to the
problem of getting 2 firm comm.ment from DTMB corcerning use of their

UNIVAC. It iooked as :four original estimate of the time required for the
14

a‘

o




e e —— e _‘- - -

analysis had been an erder of magnitude tes small. The werke:s at NYU
worked out a3 method fer leveling the data that weuld take about ene and ene-
half hours of UNIVAC time. We hoped to get this done on the DTMB UNIVAC.
Later the job was done commercially at New York. While working out the
details of the programming of the data Mehr upped the estimate of total
UNIVAC time to over 20 hours.® This made things look a little dark for us
as far as getting the job done at DTMB was concerned.

On 26th Augist our letter to DTMB asking them for UNIVAC time was

answered. The Médel Basin wanted to progrp:r'n the analysis instead of having
*% it done at NYU and wanted to examine tkvc::u to see whether or not it

would be practical to do the work on their UNIVAC. Their desire to do

their own programming was understandable since an improperly grogram-

med operation c:uld run up the total time used by the UNIVAC considerably.

However, Mehr had already done most of the programming at NYU. An-- S
other conI;rence‘ appeared to be in order, fs0 'ﬁﬁ 19 September Dr. Polachek
and Mr. ﬁupiro and Mr. St. Denis ¢f DTMB and Mr., Mehr of NYU and my-
self met at bTMB to discuss the problem., Mr. Mehr had finished program-
ming the analysis. All that remained to be done was to ''de-bug'’ his pro-
gramming setup and then run the analysis. He estimated that about 20 good
UNIVAC hours would be required for each of the three sets of data. Con-
sidering their other high priority commitments for the UNIVAC this was
way out of line with wha€ we hoped to get. 1agreed to t.ry to find funds to

*

de-bug and run the first set of data commercially, ~the plan being then to

. 8For each set of data. 15 M



turm the rest of the data over to DTMB o have it run in bits and pieces as
time became available. Additional funds were made available to NYU by
ONR te perform the first part of this analysis, and 1 wrote an official
letter to DTMB outlining our plan. We would have the analysis on the first
set of data done commercially to provide an absolute check on the program-
ming and then turn the remaining work over to DTMB.

From the beginning it had been our expeccation that we would be able

to use the UNIVAC computer at DTMB to perform the analysis of the SWOP
data. That things did not turn out this way ahm‘xld not be taken as a reflection
against DTMB or any of the people on its staff. Without the encouragement
from DTMB, in particular, from Manley St. Denis, early in our planning
stage concerning pussible use of their computer, we might not have gone
ahead.

Arrangements were finally made to have the work done on the
"Logistics Computer', ONR Logistics Branch. Thanks are due to Dr. Max e
Woodbury and Dr. Fred D. Rigby of the ONR Logistics Branch for assist-
ance in making the Logistics Computer available and to Dr. William Mar-
low, Principal Investigator of the Logistics Research Project, and Mr,
George Stephenson, Head of the LRP Computation Laboratory in Washington,
D.C. Fortunately the Logistics Computer was able to make use of some of
the programming already worked out for the UNIVAC. The theory for level-
ing the data, and determining the spectrum is described in Part 8 of this

repori aund the numerical procedures and the actual data obtained are given
16




in Part 9.

As one last check on the quality of our SWOP data we had one more
contouring job done by Hydro. This time the reference level was deter-
mined by selecting points that had been leveled statistically. This leveled

contoured model was forwarded in May 1956 along with an evaluation of the

photogrammetric work. - As mentioned before, the work done by the Photo-

grammetry Division of the U, S. Navy Hydrographic Office is described in

Part 6 of this report.’

And so, after 33 months and a correspondence file at ONR two and one-
half inches thick, as of June 1956 SWOP has been completed except for the

task of interpreting results, drawing conclusions from them, and pre-

paring this report.

’0
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Part 3
HISTORY

For some years now the desirability of obtainiag the two-dimensional
sea spectrum has been explained in the literature (Piersom [1952) and St.
Denis and Pierson [1953]). Wker most of the methods considered were
found lacking, the technique of stereo-photography of the sea surface seemed
most amenable to possible methods of analysis (Marks [1954a]).

Representatives of the Woods Hole Oceanographic Imstitution initiated
the first steps necessary to convert the idea of aerial stereo-photography of

ocean waves into fact. At a meeting in Washington, the requirements for

such an undertaking were established, and, equally important, the Photo-

grammetry Division of the U.S. Navy Hydrographic Office expressed an
interest in the job of reducing the photos to numerical data form. As a re-

sult of this discussion, the first formal plan for obtaining the stereo-pairs

was set down (Von Arx [1952]). The basic requgm were as follows:
1. Two aircraft to fly parallel, 600 feet apart, at 1000 feet;

2. Each to have a CA-8 metrogon camera aimed vertically down and

one long focus 35 mm camera aimed at companion aircraft to

determine the length of the stereo-base line;

3. Cameras to be triggered within 10 milliseconds of each other by

an FM puls~;
4. Smoke bomb pattern to provide ground control;

5. Upwind flight of planes with flaps down to reduce plane speed and
18



‘ give better results;
6. Preliminary flight to determine best height and baseline suggested.
| The stereo-photos were made three years after the date of this first me~t-
ing. Much thought, discussion, plauning and revision took place in that ir-
terval, and yet the final operational plan differed little in essence from that
set forth in the Von Arx note which is outlined above.

At this peint,work on the preblem ceased, and almost a year passed
before interest was roviv.od. Wave theory was advancing at a rapid rate,
and W.J. Pierson, convinced that basic theoretical conclusions should be

I substantiated by experimental werk, persuaded the Office of Naval Research

to begin a project of aerial stereo-photography. Shortly afterward, tte

j ‘ Woeds Hele Oceanegraphic Institution agreed to help om the problem. Dr,
t ) Iselin, Senior Oceanographer, offered the services of the RV ATLANTIS
‘ to pr A tﬁ%‘l scale factor and to obtain with a capacitance wave
; ' pole .r'c e scord of the sea surface as a function of time at a fixed
§

point in order to determine the sea surface spectrum as a function of fre-
!
1 quency. Since this frequency spectrum is the integral (with respect to

i direction) of a transformation of the two-dimensional spectrum to be obtz'r-

ed by stereo-photography, it is the only method of testing the validity of the

directional spectrum.
As the mechanics of the project began to crystallize, the multitude of
"minor problems' associated with an air-sea venture of this sort became

evident, and a meeting was scheduled to coordinate the facilities available
. c l,
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e® e mimen® ond "o pre de geaers (0@ 22~ ce of 0 problems af the
arious (pjupa inolved, Thte 11,S. Na -y Photograpki.c Interpretation Cen-
ter (NPIC) was the kost of a meeting at Washington, D.C. whict was
attended by representatives of New York University (NYU), Woods Hole
Occumgnp:lc Institution (WHOI), the Office of Naval Research (ONR),
David Tayvlor Model Basin (DTMB) and the U.S. Navy Hydrographic Office
(HYDRO).
Tt.e discussion was presided over by Mr. Rickard C. Vetter (ONR).
Tre resui's and conclusions of t*is conference provided the first link in
th.e chain of events wtick ended in the successful aerial stereo-photography
of the sea surface on October 25, 1954, The b.ighlights of this meeting are
listed: i

l. A justification for the mission was given by Professor Pierson
through a description of the basic theory of sea spectra ard a step- i
by-step elimination of other possible techniques.

2, HYDRO expressed ability and wiilingness to contour the stereo- f
photes if they met certain photogrammetric specifications,

}. The aterec-baseline (distance between planes) is a vital factor in
the contouring of the photos and will have to be resolved. Photo-
grapbhy of one plane from the other was ruled out on grounds of
measiring inaccuracy,

4, The necesas’'ty for a horizontal unit of measurement four;or five

t‘mes the lengtk of tte ATLANTIS provided another unanswered

question,
' 20




S. Mr., Vetter (ONR) agreed te act as admiaistrator .~s e pro

and te try te initiate the aext link in the chain, which was .~ obiz'n
permission for the use of twe suitable aircraft.

As a result of this meeting th; first operational plar was put on piper
(Pierson [1954]) and the project achieved an air of respectability erhanced
by the sagerness exhibited by the participants. Altitudes and baselizes
were defined. Sources of sterevc-analysis error were given, and error
magnitudes were estimated. A flying procedure was suggested. The 1um-
ber of pairs of photos whick would be needed was estimated, and the
functions of the ATLANTIS were established.

As soon as definite plans had been set down the project went into nigh
gear. A visit by WHOI to Dr. Claus Aschenbrenner of the Optical Research
Laberatory, Boston University was productive in two ways. His assurances
as an expert photogrammetrist, that chancgs for success were high fel o~
welcame ears. Of more immediate importance, his disclosure that t:e
French had achieved success with an FM triggering device was extremel:
heartening because this was a critical point in the scheme, A pzper b
Cruset*[1951] describing the activities ir France along these lizes, wus
studied carefully by R. G. Waldea, head of the WHOI Electronic Divisic:,
and it was concluded that his staff could match and perhzps improve t-e
Frerch instrument with respect to differences in triggering time between

cameras.

The ground control problem waes =olved at WHOI witk the discovery

#See also Cruset [1954], in the referze{xces which follow,
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of sn additional use of the seashuey’ . The somobuoy would be placed on a
raft payed out from the ATLANTIS about 1000 ft. dowawiad. A sound puilse

would be released b tramsducer om the ATLANTIS., The somobuoy hydro-

phosne would pick up the sigmal, which travels through water, coavert it to
an electromagnetic signal and retransmit it through air, at a given frequency

to be picked wp by & receiver on the ship. The echo-sounder would record

the time of one round trip. The trip through water takes about 0.2 seconds

{for 1000 ft), and the return through air takes 1.08 x 10" seconds. The
time of the return trip is considered negligible, and if the rate or propa-

gation of sound in water is known as a function of temperature and salinity,

then the distance traveled by the signal can be computed.

In July, ONR enlisted the interesi of the Naval Air Development Unit

at the Naval Air Station, South Weymouth, Mass. where a pair of blimps

were available for the job. A request originated from ONR for the utilization

of the NADU resources. At the same time, ONR ordered four cameras, two

gyrostabilizing mounts and an abundance of film. WHOI was directed to set

up and install the FM link. W. Marks (WHOI) was appointed field super-

visor of the project.

As the pieces began to fall into place, certain difficulties became in-

creasingly apparent.

l. The measurement of stereo-baseline had not been resolved.

2. Since weather plays a prominant role in determining the desired

#Sonobuoy Instruction Manual AN-SS Q2.
: 22
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stationary sea stale {ree {rom swell, it was decided tha an exper?

. wave-weather forecasting group saou!d be asked to advise nr the
operation. The Division of Oceanography of tke U.S. Navy Hydro-
graphic Office was t:e logical group.

3. The pilots a* NADU wouid Lave to he made z part of the operation
as soon as possible. D

The last item was perhaps the most urgert bec2use the key to the feas:-

bility of the entire undertzking was in the hands of the pilots at NADU. A
meeting was arranged for August, 1954 at NADU, and WHOI 2rd HYDRO pre-
sented the plan of operation. A day long discussios produced the following
results:

1. The blimps were eliminated by mutual agreement of WHO! and NADU
because tlie camera incetallalions were inaccessible, there would be
excessive vibrations, formation flving would be difficuit and their
radius of operation (s restricted by short range and low fiying speed.

- 2. A pair of P2V's was offered 28 ax aiterrative., The advaxtages were
that they could 11y in most winds up to gzle .force with & speed in ex-
cess of 150 kts, that photographic facilities were avaiiable, thxt they
kad much greater range with 14.hrs flyirg time, that formation fiigkt
was not difficuit and that t.e necessary radio and power equipment
was avzilabie.

3. NADU was able to determine stereo-baseline by a2 gunsight tecknique.

When the planes are spaced 3 measured distance on the ground, the
; 23




4.

5,

lead plane fiils a certain pertion of the following plane’s gunsight.
If this condition is maintained in flight, thea the baseline is known,
The Photogrammetry Division of HYDRO asked for a practice run
over a specified course to provide an evaluation of the photography.

Two weeks was set as the maximum operating time once the field work

started.

The cameras were to be sent to WHOI to facilitate preparation of the
FM link.

The aircraft are committed to the use of an A-priority group and
will not be forthcoming without the consent of this group.

A tentative meeting was scheduled at NADU for a final evaluation of
plans after the planes were fully instrumented,

During the month of August, a U.S., Navy photographer first class was

assigned to the project, ONR secured all the equipment asked for, and the

Hydrographer committed the Photor carsametry Division to the stereo analysis

job.

check was made.

The FM link was satisfactorily completed and installed, and a ground

It was found that the FM link could trigger the cameras

within one millisecond of each other (Walden [1955]). This was an improve-

ment over the similar French instrument.

The final coordinating meeting was held at NADU on 19 August 1954. All

of the mechanics were ironed out, and assignments were given to the various

cooperating groups to be completed by the test date, tentatively set for 24

September. All groups received copies of the procedure for the test run and

the actual exercise (Marks [1954b]).
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Part 4

OPERATIONAL PROCEDURE

It is worthwhile to explain briefly the technique used for making the
aerial stereo-photographs.

It is first desired to have a stationary sea free from swell traveling at
an angle to the sea so that the data collected could be most easily interpreted.
To this end, the Wave Forecasting Branch of the Division of Oceanography,
U.S. Navy Hydrographic Office (HYDRO) was consulted. The area around
40N, 65W was chosen as the most likely place to achieve such results and the
ATLANTIS was designated to take this position and advise periodically on
weather.

HYDRO kept watch on the seca contflitions, and at the appropriate time,
some 24 hours in advance of the anticipated working time, notified WHOI

which served as the coordinating center of field activity. NADU and«? ¢

L
ATLANTIS were alerted, and when the wave situation persisted the pl&zm

o
were dispatched. As soon as possible, contact was made between the planes —
and the ATLANTIS. The wave pole and sonobuoy equipment were launche;.

and when the planes arrived on the scene preparation for the exercise was
complete, Figure 4.1 shows the planes used in the operation. Tke planes

took up positions in tandem and flew at 3000 ft (there was a layer of cumulus
clouds directly above) upwind in a path such that the ATLANTIS would appear

in some of the stereo pairs. When the run began, the cameras were ''sirnui-

taneously' triggered by the FM link (figure 4.2), and a series of ten
26
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exposures were made at a recycling rate of 4 seconds. Ten such rums were
made, and the end result was that each camera (figure 4.3) had takea 100
pictures. At the same time, the ATLANTIS was recording waves and the
variable distances between the sonobuoy and the ship.

At the conclusion of the program, the ship was secured, and the planes
headed for NAS Anacolti)a where the film was proce-‘led at the U.S. Naval
Photographic Center. The stereo-photographs were then turned over to
HYDRO for preliminary analysis.

The success of the venture of 25 October 1954 is in no small part due
to a practice test made some weeks earlier. The numerous 'bugs" which
were exposed and corrected could each have meant certain failure if they
had gone undetected. Photography of a jeep traveling at 40 mph on the NADU
runway established the recycling rate of the cameras and the efficiency of the
FM link. The photo hatch, in one plane, obscured the fiducial marks on the
photographs and the camera mount had to be modified. A run over a pre- =
scribed route indicated that altitude and statiom keeping of the. planes required
more attention. The following week, a second test was made and the results
indicated that all gear was in good operating order. A detailed account of
the operational technique appears in the literature, Marks and Ronne {1955]
and Marks [1955].

Referencef to Part 4

Marks, W., [1955]: Coniouring the Sea Surface. Research Review, pp.
12“16' M‘.rCh.
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Part 5

WAVE FORECASTS

Introduction

Operation SWOP came into being as 2 result of the establiskment by
ONR of a researchk project to be orgznized for the purpose of determining
the two dimensional energy spectrumn of a fully developed sez. One of the
unsolved problems in present wave theory is that of the directional spec-
trum for a given sea condition., Since a vita! part of the Pierson, Neumann,
and James forecasting methad {1955], now being publisked by the Ilvdro-
graphic Office, is based on accurate knowledge of the directional spectrum,
the project is one of considerable importance and interest, The presently
assumed distribution of energy moving in the various directions in a fetch
area is only approximated ard the subject of considerable controversy.
It is hoped that the succeal‘ful conciusion of Operation SWOP will provide
the desired information and result in improving the accuracy of our present
wave forecasting techniques.

The Division of Oceanograghy of the U, S. Navy Hydrographic Office
has participated in the project, hoth in selecting the site at wkich the oper-
ation was accomplished and iz providing the wave forecasting service whick

made possible the aerial-photography under the required conditiors.

31



Preliminary Planning !

The following conditions were specified as recessiry for successful
execuiion of operation SWOP: (1) fully developed sea with significant
height of 12 feet or greatér, (2) ceiling in excess of 3000 feet, (3) excelient
visibility, and (4) proper illumination level for aerizl pkotography.

Thke request for selection of a site for SWOP, and prediction of oc;:ur-
rence of situations where the specifications could be met, were made early
in September 1954. The planes necessary to carry out the stereo-pkotography
wcre made available to the SWOP project for a ten day perlod in October
1954, The original plans were to carry out the operation in tkte Bermuda
area. An analysis of historical wind and wave data at the Hydrograpkic
Office indicated that there was an extremely low probability that the re-

quired conditions could be met in October in the Bermuda area. It was

~ 'f i -
recommended that the operatf%ricd out off the east coast of the

«

-
I/nited States in the general area of 40N-65W. The statistics indicated

that there was a high probability that at least one meteorological condition

would occur during the ten day period in Ogtober with the potential of gene-
rating a 12 foot sea. .

New plans for carrying our operation SWOP were formulated in ac-
cordance with the above recommendations. The pkotographic planes were
now to be based at the NAS, South Weymouth, Mass. The WHOI skip
ATLANTIS went to the area around 40N-65W to perform its functions in

connection with the stereo-pkotographic project and to take wave obser-

3’



vatiens for transmission to the U. S, Navy Hydrographic Office. The plar
was that with the advent of predicted acceptable wave conditions, the
ATLANTIS would steam toward the forecast point in order to arrive when
wave conditions were favorable.

In order to make SWOP a successful operation, it was necessary that
all four specifications be met. A note of pessimism was injected into the
selection of 40N-65W as a site because of the type of meteorological con-
ditions expected to prevail at the time wave conditions would be favorable.
During the month c¢¢ October in the area 40N-65W, wave generation would
be accomplished by low systems moving up the east coast, accompanied
by precipitation and low ceilings. Such conditions would preclude the ex-
ecution of operation SWOP even though acceptable wave conditions were
present. The realization that favorable wave conditions would exist in
conjunction with unfavorable meteorological conditions made additional
planning necessary. It was decided to carry out the photography when the
low gystem was moving out of the operational area and the ceilirg began
to risc, but before the wind waves began to subside. This required accu-
rate timing and a high degree of coordination between the Project Coordi-
nator W. Marks of WHOI, the Photographic Planes, the R. V., ATLANTIS,
and wave forecasting personnel at the U. S. Navy Hydrographic Office.
The general plan for communication between the cooperating agencies, as
submitted by Mr. Marks, indicated that the necessary timirg could be

accomplished, The wave forecasters at the Hydrographic Office were
L]
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reasonably confident that requ:red sea cond:t:ons would be met and Usiz*
they would be predicted with acceptable accuracy. In addition, it was felt

that acceptable ceiling and visibility could be predicted.

There remained only one problem with which the forecasting personnel
could not cope; this was concerned witk the requirement that the illumination
level be sufficiently high to carry out the serial photography. This require-
ment limits the operation to 2 daylight period of approximately six hours;
and the sequence of increasing visibility, rising ceiling, with little or no de-
crease in wave height must necessarily occur during that time. Fortunately,
these conditions did occur during daylight hours, with a decrease in wave
height very shortly after the pkotograpky was accompiished. The careful
preliminary planning, with consequent accurate timing, made possible the
accomplishment of Operation SWOP,

Analysis of Meteorological Conditiong*

The first significant wave height of over 5 1/2 feet was observed on
October 20th at 1100Z, at wkich time the R. V. ATLANTIS was on station
near 38°N 68°W. On the synoptic surface chart of 1230Z of October 18th,
there was a quasi-stationary front oriented NNE-SSW and extending from
Labrador to the Bahamas. A wave developed on this front during the 19th.

By the 20th at 1230Z (fig. 5.1a) this wave was centered near 37°N 67.5°W

*Extracted from "Observations of the Growth and Decay of a Wave
Spectrum' by Wilbur Marks and Joseph Ckase, Woods Hole Oceano-
grﬁiphic Institution, Woods Hole, Mass.
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and had grewn large ensugh te determine the wind pattera off the United

States cast ssast. The pecitien of the R. V. ATLANTIS {¢ indicated by an

A, and that pertien of the wind field which ganerated waves that affected
the R. V., ATLANTIS is outlined by the rectangle. The wind at the ship was
nearly nerth while ever the major part of the generating area it was morth-

easterly. The area of northeriies spread northward with the movement of

the lew.
By October 21st (figs. 5.1b and 5.1c) the frontal wave was well to the

northeast leaving the ghip in a northwest flow with the fetch length limited to

the distance to the coast. A cold front oriented E- W is seen in eastern

Canada (fig. 5.1b). This front moved southward passing the R. V. ATLANTIS

during the morning of the 22nd. A small low which developed on this front

is seen near the ship at 12302 of the 22nd (fig. 5.1d). Later as this low

moved northeastward a band of winds from the west-northwest moved south-

ward to the ship, The flow was almost at right angies to the isobars and

would have been difficult to forecast,
By 1230Z of the following day, the frontal system of the twen-y-first

had moved well to the east leaving tke ship in a northwesterly flow ‘or the

12 hours preceding the observation of 12002,
At (030Z of October 24th the flow was westerly in the area ahead of

the cold {frent moving south {romn New England. As the front got closer and

assumed a WNW-ESE orientation, the flow became west-northwesterly as

seen in the chart for 1230Z (fig. 5.2a). The {ront passed the R. V. ATLANTIS
36
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at about 17302 and the wiad at the stip skifted e north-nerthwesterly
(tig. 5. 2b).

The principal low of the area at this time was certered eas: of New-
foundland and was meving eastward. The R. V. ATLANTIS was moved east-
ward to 39°N 65°W during the 24tk and 25th to retain moderate to fresk
breeszes.

On the 25th, the day the aerial stereo-photographs were taken, the

.wind was north-northwest, Beaufort force 5 at 12302 (fig, 5.2c) diminisk-
ing te force 4 by 1830 (fig. 5.2d). The duration of wind up to the time of
the wave observations was from 17 1/2 to 26 hours, making the test period
tne lengest period of consistent force and direction for the cruise.

For the entire period frem October 20th to the 25tk there appears to
have been little or 2o pessibility of a contribution to the waves at the ship
by wind fields in other parts of the North Atiantic. Therefore, the ship
was essentially in the generating area at all times and no swell should be
re¢orded.

Discussion of Predicted and Observed Wave Conditions

The first system with the potential of generating the required wave
height appeared during 20 and 21 Octeber. The prediction was for the de-
velopment af waves 12 feet in height, The R. V. ATLANTIS reported 12
feet gignificanmt height at 201300 Z and was the maximum reported for tkis
stormjiwave heights ranged from 9.5 to 12 feet during the day. Although

sea cenditions were ideal, low ceilings with rain and accompanying poor
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visibility prevasled Lhrbug!mu: the dav. Th:s coudition was exnvected (0 con-
tiaue 1nto the 2lst with 'ncreasing ce:ling and visbility but with sicwly de-
creasing wave he.ght. Al ]1300Z on the 2ist:, the R. V. ATLANTIS reported
nine feet with pradual decrease :n height becoming a reported seven feet

at 1700Z. 1t was decided tc take tiie stereo photograpns on tne morning of
the 2lst with the expected improved ceiling and visibility, and whiie the
wave heights would still be acceptable, although not the originally desired
12 feet, The photographic plancs took off, but one of the planes developed
mechanical difficulties and was forced tc return, No further opportunity
was available to take advantage of this wave situation,

The second situation was expected to cevelop during the 23rd of Octo-
ber and carry into the 24th, but it was not expected to be quite of the in-
tensitly experienced on the 20th. Wave heights of 8.5 feet were reported
by the R. V. ATLANTIS on the 23rd ard Z24th; the planes, how:ver, were not
available until the 25tk It was expected that the acceptable wave conditions
would degenerate sometime during the 25th. On the 24 it appears that
waves at least 7 feet in height would prevail during the night and early morn-
ing of the 25th, with gradual decrease during the moraing. There was, how-
ever a good possibility that waves of at least seven feet mgnifica;at height
would continue into the early afternoon. On the basis of this possibility, it
was planned that the stereo-photography be accomplished on the 25th. For-
tunately acceptable wave heights coantinued intc the early afternoon, and died

down thereafter. Wave he{ghts of seven to nine feet were reported by the

R.V. ATLANTIS during the time the photograpky was accomplished.
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Par: 6

PHOTOGRAMMETRIC EVALJUATION OF PROJECT SWOP ¢

Introduction

Aeriai photogrammetry is the science of obtaining reliable Lorizontal

and vertical measurements of a2ll unobscured raturzal and man-made features
appearing in aerial pLotographs, Since the aerial photcgraph is 2 detailed
and permanent record of a2 given section of the earth's surface, 1t furnishes
more compl.etely than any other means the information required in the pre-
paration of maps and charts. Geometrically, ali photographs are perspec-
tive views and all maps are orthographic views of the eartk's surface.
The science of aerial photogrammetry 1s used to convert the perspective
views of the aerial photographs into the orthographic view of 2 map, and
also to record properly all the photographed informatior into a true map
presextation,

For regular photogramme:ric mapping purposes, aeriai photograpay
obtained wit: the camera optical axis vertical, is accomplich~d in such a
manner that there is approaimately 60 percent overlap between photographs
in line-of-fiight, and approximately 30 percent sideiap be'ween adjacent
strips of photograpks,. "The 60 percent overlap provides at least two differ-
ernt views of all features pLotographed, 2nd is necessary to achieve the
stereoscopic effect by which interpretation and measurements may be .

accomplished.
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There are several typea of shotogrammetric instruments capabie of
utilizing aerial photography to plet topographic map manuscripts. All the
{first-order photogrammetric instruments are precision mechanical-optical
stereoscopic devices which re-create the three-dimensional view of the
photographed area and permit the plotting of horizontal and vertical infor-
mation of the terrain onto a map manuscript. The accuracy of this infor-
matiou is basically a function of the flying height of the photographic air-
craft and the type of plotting instrument.

| Application to Project SWOP

Photogrammetric techniques lend themselves to the solution of many
non-mapping problems. Thus, the ocean wave data required for the com-
plete fulfillment of Project SWOP are readily obtained by photogrammetric
techniques. Because of the nature of the project, however, several unusual
problems were introduced. Ordinarily, over the stable terrain, stereo-
scopic photo coverage is obtained by the proper exposure interval of the
aerial camera during flight of a single aircraft. Since the sea surface is in
constant motion, two photographic aircraft with synchronized cameras were
required to "stabilize' the images inthe stereoscopic photo coverage. Also,
some known ground control is a requisite for accurate photogrammetric
mapping. ’“» such control exists on the sea surface; therefore, for SWOP,
a vessel towing a raft at a known distance was necessary to establish the
''ground control’. If all other factors are equal, greater final accuracy

is obtained with lower flying height, and greater area coverage is obtained
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with higher sititude. In order to conform with both the desired fina. accu-

racy and ares coverage for the project, the optiinum photographic con-
ditions were determined and are ehowr in figure 6.1.

Test Flignt
Of primary importance to the successful protograpric accomplishmen
was the ability to assure simultaneocus exposure of the two aerial camerzs,
It was therefore necessary to build and check an electronic iirk to fire the
two cameras. Oscillograph measurements rnade on the ground wit: the
engines turned up, indicated that the cameras could be fired within one
millisecond of each other, or better. Ton further substantiate tris ability,
a test flight was made over an airfield runway. Traveling in tandem at
160 mph, the two aircraft continuously photographed a truck traveling in
the opposite direction at 40 mph (the fastest wave speed anticipated). The
photographes were made with various delaye installed ir the cameras, T!
is, one camers was purposely fired 5 miliiseconds after *~e other one.
Then the delay was reversed. The result was that in no pair of photegraphs
could it be visually ascertained thzt there was any chazge 'n position of the
truck, Furthermore, the photos were erlarged 25 times 2nd no difference
could bea measured that was greater than the measuring error itself.
Operation Procedure
The sea surface presents a reiief patterrn whi-h is always moving ard

changing ite shape, and it offers no fixed marks wihich can be weed as core

trol. However, as in the casne of the rough sea required for ti s vroject,
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there was a great deal of coatrast betweea the foam and the water, and this
contrast was utilized for the separation of tonal values in the photographs.
Tke serious problem of refiection glare was overcome by taking the pic-
tures when the solar altitude was below 40°, Tkis, however, reduced the
light intensity and caused a reduction in image definition. |

Tke operational procedure involved the use of two aircraft flying in
tandem 2,000 feet apart and at an altitude of 3,000 feet. Each plane was
equipped with a standard mapping camera (Navy CA-8) and the cameras
were triggered simultaneously from the forward (master) plane by an FM
radio link. The square 9'" x 9" format of the aerial photography repre-
sents 74'' side-to-side coverage from the ~amera lens., The planes flew
directly into the wind, thereby elimirating crab and reducing the air speed.

To kelp establish the ground control, the research vessel ATLANTIS

was stationed in the operational area, The vessel towed a target raft 500
feet bekind it. The distance between the raft and the skip was continuously
monitored by a sonar buoy on the raft which received a radio impulse
through the alr from the vessel, and retransmitted the signal to the vessel
through witer. The d.stance was recorded every two sec,ods,

The plares adjusted their aitimeters to the barometer on the ship at
the time tte pictures were taken, The distance between the two planes
was maintiined at about 2,000 feet by means of a range firder located in

the slave plane, and utiiizing the wing span of the master plane as base

line,
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The ATLANTIS vas inscru-ted by radio a¢ the momer: euch prote-
graphic run started aand a side-mxark was made on trhe record of the Gia-
tance monitoring device. Ten p2irs cf photographs were taken on each
run which required abcut 36 secords, A tota! of 100 stereo pairs was
accomplished for ;he project,

Steren Analysis
The stereophotogramrnetric graphic results were prepared by the
Photogrammetry Branch of t}ie U.S. Navy Hydrographic Office, A total
of four stereo pairs of zerial photographks was selected for detaiied z2na!ly-
sis. They were chosen on the basis of photographic quelity and also be-
cause they showed the ATLANTIS-raft combinatior. The instrument used
was the Zeiss Stereoplanigraph, considered to be among the most accurate
of the first-order photogrammetric plotting instruments. The direct reud-
s .
ing ability of this instrument is 0.0?Qqé‘
The first model (2 model ig ‘oe rectang.;lar overlapping portion of
two aerial photographs wkich can be viewed stereoscopically) was coutourec
by establishing 2n assuined vertical datum. That ls, in each correr of the
model the low point of a trough was 2esumed zero elevation and thé€ contdur
data throughout the model was based cn that datum, Eack modei represent.
a ground rectangie with viies of approximately 2700 feet and 1800 feet, or
nearly 5 miliion square fee: of ocean surface, at a scale of i:3,000. This
model was used to determine tae spacing 0 be used on tne spot 'r.éigh‘: grid,

but it is not reproduced herein,
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in order ‘o determine 1) ¢ energy spectrum of the sea surface a grid of
spo’ vteigh's must be made. Accordiagly, the next three models to be analyzed
presented tiis spot height data. A total of 5612 spet heights per madel were
de‘ermined at 30 feet ground distamces in a square grid pattera.
The above described grapkics were forwarded te N. Y, U, for analysis and
1 vew vertical datum was derived amalytically. * Fram this information eight
rpe. belghts were established along the model periphery. This information
waw forwarded to the Hydrograpkic Office and was used to re-establish a verti-
s. datum or the final model set-up. This fimal model is shewn in figure 6.2,
Of tte eight spot beigtts, six were held photogrammetrically and two could not
be be d, One of these was located ic the left-cemter and had an error of -3.0
fees: the other was located in the lower-right corner amd had an error of -7.0
«*., Tabh.e ! stowa the (NYU) computed values, the instrument values, and

]
P 2K
errors, for all eight points. -

Table I. Final level values for the steree wave data

Computed Instrument
Poiat No. Value (mm) Value (mm. ) Errer (mm)
G-3i 0.00 0.00 0.00
(68 0.00 -0. 30 -0, 30
(e 120 -0, 26 -0.25 0.00
P-120 -0. 27 -0.25 0.00
B.-120 -0.05 0.00 0.00
BS-70 +0.12 +0.10 0.00
BT-31 +0.01 +0.05 0.0
BT-120 +0.08 -0.60 -0.70

*See Par: 7.
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Accuracy of Results
Reconnaissance-type film was used erronecusly in the aerial cameras

instead of the more stable topo-base film. The film furnished this Office
was not dimensionally stable, and made the recapturing of the precise in-
strument settings impossible when the last model was re-compiled. There-
fore, the final photogrammetric solution could not match all the computed
values. This explains the discrepancy in holding all eight points as de-
scribed above, The computed values for the leveled data are more valid
since they are substantiated by the leveled graphic analysis which shows
about equal areas above and below sea level.

The finu]l graphic forwarded to N. Y. U. exhibits both coatour and

spot-height information over the nearly 5 million square feet of ocean

surface. Tke spot height accuracy is $£0.05 mm (at 1:3,000 scale) or
4 0.5 feet. The contour interval is 3 feet and is accurate t0 $0.2 mm

0: £ 2 feet., The relatively short distance represeated by the ATLANTIS- 'j

ratt combination is not adequate te assure a precise horizenatal scale, and

*he horizontal accuracy is estimated to be ¢ 2 feet.
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Part 7

PRELIMINARY ANALYSIS, CHCICE OF GRID SPACING AND
DISCUSSION OF ALIASING

Weather and Wave Pole Observations

Weather and wave polec observations were made prior to and at the time

of the flight of the planes. A running graph of the wind direction and velocity
and of the estimated significant wave heights and the dominant wave direction
as observed on the R. V. ATLANTIS prior to and at the time of the wave pole
and stereo observations is shown in figure 7.1. The times of the wave pole
observations and of the two pairs of photos finally chosen for a complete
analysis are also shown. The winds 6 hours prior tc the time of the stereo
observations averaged about 19 or 20 knots.

The significant heights of the uncorrected wave pole observations were

computed at WHOI, and the results of these computations yielded the follow-

ing values.

Table 7.1
Significant heights from uncorrected wave pole observations
Time Significant Height
1547 to 16102 5.02 feet
1652 to 1715Z 5.04 feet
1756 to 18212 5.12 feet

A paper by Marks and Chase [1955] summarizes these results and the way
the visually observed values seemed to be quitea bithigher thanthe wave pole
values and seemed to remain high for quite a while after the 19 to 20 knot
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winds had died down. Note 2at ke vieual estimate of tPe sign.f.can be
was 7.5 feet at 18002Z.
Stereo Coatour Data

The first data prepared by the Photogrammetry Division was in the form
of a contour analysis of one of the stereo pairs. It was somewha® disconcer®
ing because tke expected waves with lengths of from i00 to 300 feet or sc
could not be seenin the contours and the range of contoured heights was far in
excess of anything to be expected from a 20 knot wind.

The first hint of where the difficulty lay came from Woods Hoie where line
sections of the contoured surface were drawn. These s*owed almos® a s'raig':
line tilt along a given section with the waves we were looking for superimposed
thereon. A line section with arbitrary scale units from the lower [eft to the
upper right of the contoured surface is shown in figure 7.2, The unforeseen
difficulty of determining a true mean zero reference plane on the open ocean
with no known reference points had arisen.

It was also pointed out at this time that spot heights could be deter-
mined by Hydro with far greater accuracy than the comtours could be drawn
due to the mature of the techniques involved. The original plan had beer to
choose an appropriate grid and read spot heights from the contoured data.
This now kad to be revised, and it was now necessary to find a way to deter-
mine the true zero reference plane and to choose a grid, tte desired number
of points to be read, and the desired resolution and statistical reliabilitv,

all on the basis of the data then on hand.
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Decision on Grid Iaterval apd Nuinler of Peirti to be Read
Fortunately the theorctical aspects of the prolicia =ad been carried out
to the point vvhere the methods for t:e onogdlineacs{ona’ 2ralyses of time series
devcloped by Tuley [1949] had bea) extyigod to i twoedimensional wave
number analysis desired in this problerz. Thuc taz formul.s for resolution,
aliasing, and deg=+»5 of freeduin were avaiiale, They will be derived in
Pzt ¢. It was also realized that it was not seseaigal to have the dominant
wave direction roughly parallel to e nides of tic rectangular grid of points
te Dc,used, H
The 1:veling problem was then studied and formulas “scre derived for
determining the true zero referencc plane., Jt was assumed that the spot
- heights would Le reported with refcrence to some unknown ar.itrary refer-
ence plane of the form z=zax+'y+c, U )z is tiic reportad valuc, then

n*= 71- ax « vy - ¢ is the value wvith referance to a tiue »e¢ 0 refzrenceplane,

P =
-y

and EZ(n*)z will be a minimwn, .y standard lecst scuares t:clmig;eal, the
! ) values for a, b and ¢ can be delerminec, and Qe data can he leveied, The
I derivation and the proceduvics ced are descerf.ad in tie following two parts
ol tais raport,

Since leyeling was no longer a proliem, tie problcins of stutistico!l re-
liability, aliacing, and resoltndan were stidled, Suppeose taot the enot reights

are rcad at an interval of AL {elt cu o socare geid, Thzrn, due to the nature

of the methods of analysis. sciue rectral components ghortes than 248 and

’ all covnonents shorter than @ croo»ill he a)iased so (Liat they aLpear as
. @ i
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longer waves than they actually are. Suppose that m lags are to be used in
the x and y directions of the rectangular grid. Then the E value contributed
by the waves with lengths from infinity to 4émAx will ail be concentra’  at the
zero wave number of the spectral coordinate system. The next wave number
will correspond to a wavelength of 2mAx and will actually cover a range from
4mAx to 4mAx/3. On a line at 45° to the grid system of the spectrum, it is
necessary to shorten the above wavelengths by ﬁ/l. Finally, if N, and Ny

are the number of points on the grid system in the x and y directions, then

the number of degrees of freedom is given by
N N
f=1.580 == _1|f—x._1
m, 2 my 2

where for purposes of symmetry it was decided to let my = my,.

The significant wave heights reportcd by the wave pole observations cor-
responded to a wind of about 17 knots, and an attempt was made to choose a
method of analysis such that a theoretical Neumann spectrum (Neumann [1954])
for 17 knots would be adequately resolved. Also since winds of 20 knots had
occurred previously, it was decided to guard against wavelengths due to a wind
of 20 knots in additica to those due to 17 knots.

It was estimated that periods from 2.25 to 10 seconds would be present
and that approximately 10 percent of the energy would be at frequencies above
0.29 cycles per second (or a period of 3.45 seconds). A wavelength of 60 ft
corresponds to this period, and hencg a spacing of 30 feet between points

nd,

would be needed to insure no more than 10 percent aliasing.
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A grdef 30 feer was **erefore chosen. Smailesr alues of Ax would regu re
s much greater m ttan that actually chosen and many more spot beiyg!ts

Tre winds .* the surface varied from 17 to 20 knots just prior o *he
ime of the observat.ons and hence the values seemed consisten'. Specira!
periods as h.gh as 11 seconds migh! have been present in the waves due 'o
the 20 knot winds. This period would correspond to a wa:elengtl of abou:
600 fee:.

W:th a grid spacing of 30 feet, the area of the stereo analys.s for one
pa:r of ptotographs was found to contain about 60 points on tte shor' s:de
and more tman 90 points on tre long side. TLis would impiv the determinar o
of 5400 syo* heigh*s from eic* s*ereo pair.

Various lags were tten tested and a value of m equal '0 20 wis chosen
for *wo reasons. The first was thiat there would be adequate resolutinon
and the second was tha' there would be enoug* statistical reliabilir,

-

Wit respect to resoiution, wa eleng*ts greater thar 2400 fee' would
then show up a* the origin and since this corresponds to a period of o er 20
seconds the energy it zero wave number should be entirel v due to a' +sing
and whi*e noise reading error on the assumption 1 31t the Neumann spect:um
was roughliv correct, Thre nex' wi.e nurnber would co'er a range i lerg' =
from 2400 feet to 80C fee', and ! would aiso not be expec:ed 'o s*ow an
appreciable wa.e energv. ‘

These values were also checked on the assumptio: that t* e peak of the

spectrum would fall at an angle of 45 degreves 1o tte coordinates of 1r e spec
55



trurn. A wavelength nof 1630 {ee: would stil]l not be expected, and 2 wave-
length of 260 feel would just bzrely be beginaing to show up,
Orn the basis «of ths (ransformation needed to go from the theoretical

e

Neurnann frequency specirum to the wave number spectrum, it wae estimated

that the peak n the specirum would fall four or five wave numbers away from

the origin, and that the range covered would adequately trace out the details

of the shape of the spectrum. The full conzeqguences of these decisions will

be discussea in a later secticon.
With respect to statisticz] reliability, there are 16 degrees of freedom

for each point estimated oxn the spactrum for each set of data. Fifty degrees

n{ ftreedom are desirable so 1t was decided to do three pairs of stereo photos,

since, with the same grid alignment of all three, the estimates for each set

ofdata could he avaraged to obtain {inal estimates with 48 degrees of freedom.

<,
One of the stereo pai;ﬁ;-"iﬁot heighted hy Hydro turned out to have serious

"barrei' distortion in addition to t:lt, and it had to be discarded so the f{inal

resuite wiil be based on 32 degrees of freadom.

A choice of a 60 by 90 grid and 20 lags (really 20 to tae left, 20 uvp and
20 down plus 21! combinations su:ch as, say, 5 to the left and 17 up) implies
8¢l pciats to be deterinined f - the co-variance surface and 861 points for

the [inzl spectxun, About 4,000,000 multiplications and an equal number of

adcitions are needed to get each of the co-variance surfaces, and about

720,000 muitipiicztions and additiuns are needed toget each of the raw spectra.

derations entered in the aktcve choices as enter in

Muchh the same cons:

o~
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the choice of time interval, number of lags, resolution and degrees of
freedom in the analysis of a wave record as a function of time at a fixed

point (Pierson and Marks [1952]) except that far more data processing

and numerical computation is necessary. As an example, to double the

resolution with the same grid spacing and same number of degrees of

freedom would require 40 lags and four times the number of spot heights.

The covariance surface would then require about 48 million multipli-

cations and additions. The time required would be more than twelve

times yreater than was actually used. To have reduced the aliasing by

halving Ax, would have required four times the number of spot heights,

40 lags, and the above number of multiplications. Moreover, the total

energy over 3/4 of the area of the spectrum would have been only 10

percent of the total energy of the sea surface.
For these reasons, Hydro was requested to read spot heights on a

square grid with 30 feet between intersections. Essentially all of the

details of the analysis were decided by this one choice of grid interval.

References
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Part 8
EQJUATIONS FOR LEVELING THE DATA., ESTIMATING
THE DIRECTIONAL SPECTRUM, AND CORRECTING THE
WAVE POLE SPECTRUM

Leveling the Data

The original spot height data reported by Hydro was reassigned a position
code for computational purposes such that the points would fall in the first quad-
rant of a Cartesian coordinate system and such that the first column of 90 points
would fall on the y-axis and the bottom row of 00 points would fall on the x-axis.
For simplicity in writing the following equations, let the free surface, ", be

represented by an N when a spot height is considered. The pattern of the

points was as follows:

No, 89 . - . ° . . . . . O . . . 0 . . . N59’ 89
No, 3

NO' 2

No,1 N1, :

No’o Nl 0 NZ.O [ L . . . . - * ) - 3 ] N59.0




i the general element will be designated by ‘\)k

These 5400 points cover an extensive area of the sea surface suc

c.1te a few waves are involved. Were they measured with respect to u zero

determined by the level of the water in the absence of the waves, they would

average to zero and the sum of their squares would be a mimmmum. Howe ven

they were read with reference to an arbitrary tilted plane instead of with refer

ence to the sea level.
The values desired with respect to zero level are given by equation (8. 1)
b, and c absorb the effects of the grid spacing

where the unknown constants a,

N;'k=N.k—aj-bk-c

(3. 1) i
j=0,....,n1 k=0,...., m-1
n = 60 m = 90
Consider equation (8. 2}.
m-1 n-1 m-1 n-1

VaE = Nfode z o D (N - e - bk c)®

(8. ¢;
k=0j=0 J j

The value of V should be a minimum with reference to true sea level i1

the area covered by the points is large enough), and this can be accompiished if

8V .

da Ve
9y

(8. 3) ab - 0
8y _

and aC—O.

Equations (8. 3) lead to equations (8. 4).
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m-! na-l
: ’, L g - L)
kl.:o 20 (h,k 8j-bk-c)j o0
m-l n-}
(8. 4) T Zz (Njk-aj-bk-c)k s 0
ks0 j=0
me-l n-l
Z Z (N, -aj-bk-c)=0
k=0 jso J

The last equation simply states that the average of all the points in the

plane when truly leveled should be zero. Points on a tilted surface could still

average to zero, but V would not be a minimum; and thus the other two equa-

tions assure that V will be a minimum.

The indicated summations can be carried out, and the result is three

simultaneous linear equations in the three unknowns, a, b, and c.

(8. 25)

maln - ngh -1 am-lmim-1 wan-1)
4 e

aln-lUmim -1 aomim-1{2m-1) amim-1)
4 6 2

m-1l n-l
ks0 j=0

m-l n-l
b = p ZkNjk

me-] n-l

k=0 j=0

For m = 90, n = 60, the determinant is known, and the indicated sum-

mations or the right hand side, when performed on the data, then permit the

values of a, b and ¢ to be found.

Estimating the Directional Spectrum

In theoretical discussions of wind generated gravity waves, it hias been

shown by Cox and Munk [1954] and by Plerson [1955] that
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o W ey SRS SR eaglaae 0 - “- E = u
{ & X
2/72
w
(8.6) Q(x’',y'.,t')=lim x-&-r qix. yo t) gixex’, y¢y', t4t’) dx dy dt

T->a

X-+a0 Ilx'X
2 2

Y»o0 2

2
= %} [[ [Ap, 9)]2 COl[%' (x cos® + y'sin@) - ut')dude@
-n

.0
@ ;'oo
%J J [A*(a, B)]2 cos(ax' + By’ - /E(a’+ p2) /4 t1)dp]de
L L 3

In equation (8.6), a = p,z cos@/g, B =\pzsin9/g. B = /_(a +p )1/4

and 0= tan’l(p/a). Also

LA /g e + g2 M4, an! pra))

[aZ + p213/4

(8.7) [A%(a, p))% = —5

If x' and y' are chosen to be zero, then an average over time can re-

place an average over space and time, and the result is

2
(8. 8) Q(t') = lim -,% n(x, y, t) n(x, y, t+t')dt
T-> o T
T2
%_j / [A(s, 8))° cos pt'dpde

Qo

= 55 [AW)]? cospt' dp
0
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The above is equivalent to observing the waves at a fixed point 2s a

function of time, and ail knowledge of the direction of travel of the waves is

lost since /w
2 2
[A(n, 8)]7d0 = [A(u)]
=
The procedures for analyzing waves as a function of time at a fixed point

have been described by Pierson and Marks [1952], and Ijima [1956] has

carried out quite a number of such analyses in Japan with very interesting

used by Lewis [1955] tc analyze

results, The same techniques are beii

the spectra of model waves and ship motions in a towing tank. The wave

pole records will be analyzed using the methods described by Pierson and

Marks [1952].

If t' is chosen to be zero, then an average over space can replace

an average over time and space and the result is

hm *J-fj nix, y) nix +x', y +y') dxdy
Y-)m

(8.9) Q(x', y') =
oo a
=4 / / [A*(e, B)]2 cos (ax' + By') dBda
-0 Qo

Ir. equation (8.9) the same right hand side results if -x' and -y' are substi-

tuted for x' and y', and therefore Q(x',y') = Q(-x', -y').

The above is equivalent to observing the waves at an instant of time over

an area. Some knowledge of the direction of travel of the waves is lost. Con-

sider, for example, a progressive simple sine wave observed at an instant
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of time. A line parallel to the crests can be determined, and the direction

of travel of the wave will be perpendicular to this line, but the direction can

be either one of two directions, one the opposite of the other.
This indeterminancy is avoided in this analysis by considering a positive

direction, x', to be the dominant direction of the wind and by assuming that

the spectral components of the waves being studied are all traveling with an

angle of +90° to the¢ wind. Then [A(p', 9')]2 would be zero for n/2«< 0'€ 7

and for -n/2<0'< -n, and [A(a’, ﬁ')]Z would be zero for - < p'<0. (Note

@', a® and B' would have to be redefined with respect to the x' direction.)

k'
When these assumptions are applied to the results to be obtained the directions
will be completely determined.

Consider equation (8.9) again. One can form the indicated operation

given by equation (8.10).

MN

2f2
(8.10) lim j Q(x'y') cos(a*x' + p*y') dx'dy’
M N
2

M- o
N-*> o >
22 %
=lim 4 [ [A*(a,ﬂ)]zcos(ax' + Py')cos(a*x' + f*y'ide dpjdx’'dy'
M-2> o0

N2> o -MLN Lo
2 2

The term after the equals sign can also be written
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o ¥ /3
8.11) Ilim / -}[AO(c, p)]Z rcos[x’(a +et)sy'(p - pn)]
Mew
-w ‘.M /N .
2 2

N»w "-w

+ cos[x'la-a*) +y'(B- ﬂ*)]i dx'dy'dedp

@ ,m
‘ . o Neg. M "
= lim [ { [M(a'm]z[s‘“%(aﬂ*) m%pw*)+sm‘( oiklie il )Ladp
s " -

M=0 (a + a*)(B + p*) (@ -a*)(B-B%
N=0

When Diricklet's formula is applied, the result is finally that equation

(8. 12) s obtained.

(8.12) [A*@ B1%+ [ A*(-a%, -p9]° = ;12 | Qx',y')cos(a*x' + Bry') dx' dy'
Jo oo

Note 'hat substitutin;: e* and -p* for e¢* and p* leaves equation '8 i2) un-

changed.

Equations (8.9) and (8.12) are the x,y plane analogues of th : classical
time series equations which state that the covariance function is the Fourier
transform of the p;‘)we - spectrum and conversely that the Fourier transform
of the power spectrum 1s the covariance function. When applied to t' e problem
of finding the directio: :} spectrum of a wind generated sea from discrete data,
the integrals have to! ¢ replaced by summations and formulas analogous to
the Tgkey formulas fcr time series have to be derived.

'n deriving the cquations used to determine the directional spectrum, the

analogy to the one-dimensional case given by Tukey [1949] will be shown. The
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theoretical equations i1n the one-dimensional case are given by

%
(8.13) Q(t') = lim + | wt) N (t + t')dt
, il-0a0
and
o
(8.14) [Ap)]? = & Q(t') cos pt' dt'
-a0

The equations due to Tukey [1949] are given by equations (8. 15) to (8.17)

where Nl' NZ' N3, eocs Nn are given values equally spaced usually in time.

n-
Q(p) = ;,J.—p 2 N(k) N(k + p)
k=1

(8.15)
p2l; 1, «...; I,

Q:=Qo. Q;=ZQP, (p=ltom-1), and Q:,‘=th.

(8. 16) m
1 & wph
Lh’m Z Q cos—
p=0 P = h=0,1, ...., m.
* *
Let L; = L,,, and Lyn.1 = Lim+l s

(8.17) U, = 0.23L, ; +0.54Lq +0.2314,,. e

=V, ’ 0,y IT

*
Define UJ = Uy/2, Up =Up (h =1 to 19), UJ = U /2,
In the above equations (8. 15) is the discrete approximation to equation

(8.13). Also in equation (8.13), Q(t') equals Q(-t') and to obtain the
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discrete approximat:on to (8. 14), Q(p) 1s expanded as a periodic even function
about p equal to zero. Thus Q, received a weight of one, Ql through Qm.‘
receive double weight, and Q received a weight of one.

The values of L are the discrete estimates of the Fourier coefficients of
the even expansion of Q.

Due to the fact that the L's are only estimates of the spectrura since the
series of readings is finite, they have to be filtered to recover a smoothed
estimate of the spectrum in terms of the U's,

There is, of course, another way to estimate the spectrum. The original
series of points could be expanded in a Fourier series. Sine and cosine co-
efficients a, and b, for periods of nAt/1l, nAt/2, nAt/3, etc. would then be

2 2
computed. The quantity ¢, =a  + bn2 is then a very unstable estimate of

n
the energy at that particular frequency. A proper running weighted average
of the values of cn2 would then recover the spectrum as determined by the
Tukey method. The number of degrees of freedom (f) is a measure of the num-
ber of values of an weighted in the average and of the shape of the weighting
process. The U's have a Chi Square distribution with f degrees of freedom.

The values of U have the dimensions of (length)z, and Uh as given

above is an estimate of the contribution to the total variance made by frequen-

+
cies in the range from Z2w(h - é)/Atm to 2n(h + ‘%) /Atm.

The theoretical equations in this two-variable problem are given by

+Fox- h =0 :and h = m the values of U must be halved since one of the

frequencies defined above is not applicable.
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m— Ao -
O
2/ 2
(8. 18) Q(x'y’) = lim 7l (x, yIx ¢+ X', y + y')dxdy
Xeam x/y
Yo "5 3
and
a 0o
(8.19) [A%(a%,p#)]%+[A%(-a%,-p%)]2 =L Q(x',y')cos(ax’ + By') dx' dy'
n
200 ~ao

The analogous summation formula for the covariance surface over the

set of leveled readingsN;k is given by

m-l-lql n-1-p N* N*
(8.20) Qlp,g) = = s _ik j+p, k+q

k=0  j=0 (n-p}{m-|ql)

p=0.1. ...., 20

qc=-20, -19, -18, ..., -1, 0, 1, ..., 20
This determines the estimates of the covariance surface for the first and
fourth quadrants of the q,p plane (really x',y'). Since Q(p,q) = Q(-p, -q), the
results can be extended into all four quadrants of the q, p plane.

The function must now be extended into the entire ¢, p plane so that its
Fourier coefficients can be determined, and the property that Q(p,q) = Q(-p,-q)
must be preserved. This is accomplished by simply translating the covari-
ance surface parallel to itself to fill the whole plane.

As a consequence, the Q's have to be redefined slightly in order to

weight them properly. The definitions are that
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Q5. q) = 2Up. q)
for p= 1l to 19, q=-19 to +19

that
Q*(0,q) = Q(0,q) q=-19 to +19
Q#*(20,q) = Q(20,q) q=-19 to +19
Q#*(p, 20) = Q(p, 20) p=1 to 19
Q*(p,-20) =Q(p,-20) p=1 to 19
and that

Q*(0, 20) = 4Q(0, 20)
Q*(0, -20) = 1 (0, -20)
Q*(20, 20) = éQ(ZO,ZO)
Q*(20,-20) =é Q(20,-20)

Thus points on the g-axis have unit weight (but since Q(0, q) = Q(0, -q),
they could be considered as one set of val;xes weighted twice). Points off the
p-axis in the first and fourth quadrants are weighted twice due to extension into
‘ae -p quadrants, points on the sides are weighted once, (really 1/2 on four
sides of the full expansion) and corner points are weighted one half (really
1/4 on the four corners).

The raw estimates of the spectrum are then found from equation (8.21). .

+20 20
(8.21) L(r,s) =—L T T Q#%(p,q)cos[-L(rp + sq)]
800 q=-20 p=0 &
where =0 1, 2, ...;5 20

s =-20, -19, ..., +20.

Note that L(r, s) = L(-r,-s) and that the spectral estimates have the same

property as equation (8. 12). o



A check of the computations can be made at this point by defining the

quantities, L', as below, The sum of the 86] values of L* thus obtained

should equal Q(0,0). Thus

and

and

L#*(r,s) = L(r, s)

for r-lr, swees 19, s =19 to +19

L*(0,s) =4 L(0, s) s =-19 to +19
L%(20,s)=4L(20,8) s =-19 to +19
L*(r,ZO):%L(r, 200 r=1to19
L#*(r,-20) =1 L(r,»20) r= 1 to 19

L*(0, 20) = %‘-L(Q, 20)
L*(0,-20) = }i L(0,~20)
L*(20,20) = -&L(ZO. 20)

L*(20,-20) = § L(20,-20) . .

L=

Also, in order to smooth on the line r = 0 and on the edges, the

values of L are continued by the following equations.

L(-1, b) = L(1, =b) a=0,1, c0o., +20
L(a, 21) = L(a, 19) b=-20, =19, seees 0, .c.., +20.
L(a,-21) = L{a,~19)
L(21,b) = L{(19,b)

L(-21,-21) = L{=19, «19)

L(21, 21) = L(19, 19)

The smoothing filter is & straightforward extension of the smoothing
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friter used 10 the one ditnensicnal case as shown by the following scheme
where the product of the two one-dimensional smoothing filters give the filter

values over a square grid of nine points.

Table 8.1. The Smoothing Filter

0.23 0. 54 0.23
0.23 0.053 0.124 0.053
0.%t4 0.124 0.292 0.12<
0.23 0.053 0.124 G.053
The smoctr ed spectral estimates are finally obtained from equation (8.23).
(8.22) U(r.s) 0.053[L(r+1,s+1) + L(r+l, s-1) + L(r-1,s+1) + L(z-1, s-i)]
+ 0.124[L(r, s+!) + L(r, s-1) + L(r+l, s) + L(r-1, s)}
+ 0.292[ L(r, s)]

where again U(r,s) = U(-r,-s) and r =1, 2, ...., 20

The U's are esi mates of that contribution iothetotal variance of the sea sar-
face madc by wives with frequency components between 2n(r - -%)/‘ JAx and
2n(r ¢4 -;:)/40 A> ir the r direction, and between 2n(s -%)/40 Aax and

2n(s +-§)/40A>f n the s direction.*

One diffi  ulty with estimating power spectra by these techniques is .hat

the operations on the original data described by the above equations do no

guarantee that the spectral estimates will be pos:tive, and yet in the tieory

they should bo. This 1s because a term of the forrm:
singX sinfY
X Y

vperates on the spectrum in the complete derivation when X and Y are¢ kept

T
Except at the borders--see Part 11. 70



finite in equation (8.9). This term can have negative values which can make

the L's and the U's come out negative, The L's in particular can be nega-

tive quite frequently because of the operation of the above term on the esti-

mated spectrum. The purpose of the smoothing filter is in part to eliminate

as much as possible some of the negative values, Usually the negative values

are quite small and do not materially affect the analysis.

In time series theory in general, the spectrum is usually defined so
that an integral over a given frequency band represents that contribution to
the total variance of the process being studied made by the frequencies in
that band, In ocean wave theory, another convenient way to define the spec-
trum is so that an integral over a given frequency band represents the sum
of the squares of the amplitudes of those simple harmonic progressive waves
which lie in that frequency band. This is the definition used by Pierson
[1955]) and Pierson, Neumann and James [1956]. The E value thus defined
is equal to twice the variance of the process under study.

Equations (8, 6) through (8.14) and equations (8.18) and (8.19) are de-
rived with the definition of the spectrum used in ocean wave theory. Equations
(8.15), (B.16), (8.17), (8.20), (8.21) and (8. 22),have been derived in terms
To place all equations in terms of ocean wave theory equations

of variance.

(8.15) and (8, 12) should be multiplied by 2 on the right hand side and then
all results would be obtained in terms of E values.
In what follows, all results will be discussed in terms of variances and

covariances as far as the directional spectra are concerned except that
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when the U/ values for the two independently obtained estimartes of the spec-
trum are added together to get the best final estimate, the resulte will be
in terms of E values.
Degrees of Freedom
In the single variable case, each of the final spectral estimates has a
Chi Square distribution with f degrees of freedom where f as given by Tukey

is determined by equation (8, 23).
(8. 23) f=2(N-4)

This result is obtained from rather complex considerations of all of
the operations on the original time series which have led to the final values
of the U's. In the case of an electronic analogue analyzer, the procedure is
described by Pierson [1954], and the results depend on the shape of the
smoothing filter,

In the two variable case under consideration here, the smoothing filter
is known only at 9 points as given in Table 8.1.

The values of U(r, s) for a particular r and s is a random variable
with a Chi Square distribution with an as yet to be determined number of de-
grees of freedom. When U is considered as a random variable the degrees

of f{reedom can be found from the following equation.

et (o 2EUNZ (TWl MMy
E(Ud) 4(ZWg? mom,
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In equatioa (8. 24), the Wx'o are givea by Table 8.1, M_ is the average

X
number of x points, and uy is the average number of y points used in com-
puting a value of Q.

It can be shown that the average number of x points u»aed in computing
the Q values is N, - (m/2) and the average number of y points is

Ny - (my/Z). All of the Q's enter in each value of U. The number of x

points used for the individual Q's ranges by integer steps from N, to N_ -m_

with an average value of N_ - (mx/Z), and similarly for the y points.

The value of (Z W )2/4(Z Wi ) is equal to 1.58, and hence the final

expression for the number of degrees of freedom is given by equation (8.25).

(8. 25) f=1.58 [—,—2:-{] [gyl.%]

Equation (8. 25) may underestimate the number of degrees of freedom.
Instead of (-N . l) as in equation (8.23), it has the product of two terms
m
N
(—x - é) and ("n—l! -é) and instead of a factor of 2 it has a 1.58. The values
y

mx
of Q near Q(0,0) are much larger than the values of Q on the edges, and
therefore values of 1/4 instead of 1/2 might weight them more properly in
equation (8. 25).
A Correction for the Wave Pole Spectrum
The wave pole used by the R, V. ATLANTIS was free floating, and its
dimensions are shown in figure 8.1. Therefore it probably underwent a

rather complex non-linear motion in heave, pitch and surge. If the motions

can be linearized, the heaving motion is the most important, and the pitch
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and surge can be neglected.

The heaving motion in response to simple harmonic waves of amplitude

a, can be described by equation (8. 26).
(8. 26) Mi+ {2+pgA)z=pgA [““)l‘o cos put

where ¢(u) is determined from the wave pressures on the horizontal areas of

the wave pole, and M includes the added mass of the water set in rnotion by

the moving wave pole.
¢(p) is given by equation (8. 27).

2 2 o i 2 2
8 A _ZB}L 8 A _501,; -30p.
(8.27) - Qu) = 8 *ﬁé g -e. G)o;f(e B - 8

where Al' Az, and A3 are the cross sectional areas of the top, middle, and

&

bottom portions of the wave pole respectively, :
Note that as p approaches infinity ¢(p) approaches zero and there is no

force on the wave pole'. As p np;;;-oachel zero ¢(p.) approaches one and the

wave pole follows the wave profile exactly.
For this particular wave pole as shown in figure 8.1, (AZ/AI) = (6/2.5)2.

and (A3/A1) = (lZIZ.S)z. The function 4}(}1) is graphed in figure 8,2, Because

of the greater magnitude of the areas of the larger submerged tanks and the

rate of change of the wave pressure with depth, a wave crest actually produces

a downward force instead of an upward force for most wave frequencies and

this force is 5-l times greater than that \ﬁhich would have been produced by

2
a very long wave acting on a pole of constant diameter Al.

The wave pole was calibrated in still water by measuring the period of
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oscillatior. and the damp:ng. The resonant frequency was between p, = 2v/41
and Mo~ 2»/42 and the ratio of observed damping to critical damping was 0.16.
When theae calibration values are used, equation (8.26) can be put in the form

given by equation (8. 28).

(8. 28) ;‘2 + 9;:335 +z= a°¢(u) cos ut
(o]

in which p is 2n/41. The true resonant irequency works out to be 2n/41.5
(a period half way between the two observed values) and the damping is 0. 16
of critical damping.

The motion of the wave pole under the above conditions is given by

equation (8. 29).

(8.29) . - [1- (u/ug)zl 310(#) cos ut . K(u/ul) aj_’du) z'.in mz
[1- (/n)?1% + K2u/p)? (1= (/ng? ] + KAn/no)

in which K equals 0. 32,

For p corresponding to a period of ten seconds, the coefficient of the
cousine 18 positive, and the sine term is small compared to the cosine term.
Therefore the wave pole will move up as the crest of a wave passes and the
height of the recorded wave will be less than the height of the a.ctual wave,

The forcing function tends to force the pole downward in a wave crest, but the
left hand side of the equation is so far past resonance at the high frequency end
that ar additional 180 degree phase shift is introduced, and the wave pole

L

moves up in a passing wave crest.

The height of the water on the moving wave pole was recorded, and the

spectrum of this function is to be obtained. What is desired is the spectrum of
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the function t.at would have Leen oLiained had the wave pole ' ce. :tationa-y.
Lect QO(R) Lo tac recorded wave ncight and let W(t) Se Lae true wave
heigint. Taea ecuation (8. 30) can be oovtained.
(6. 30) A = N -
It states that if thc pole weirc stationary, (=(t)® 0), ﬁ*(t) would equal
71(’(;) and that il the wave pole followed the vrave proiile cxactly,
(M (t) = =(t)), ”*(t) would be zero.

From ccuations (8. 29) and (8, 30) the result is that

[1- (/i) “in) [Ke/u i) |
D(p) 3o cOs kL= D) il

(8:31) 29 4y o|I=

wherc D(1) is5 the denominator of the terms in (6. 23).
I/ e wos. pole responce is linear, and il the Jr.c Luriace can e re-
, ’ B
preseatad 1y o tatioanary Gaussian poocess with the spoctzum {A(p)]7, it
then Jollow: (awt th- spectrum of the recorded fuiictio.. Is reclated to the
spectrum o: {:e waves by ecuation (8, 32), The term i " rachketc is just the

sum of the squarce: of the two cocificients 1n (8. 31).
2 2 2
(/e -1+ dl- + K (r-/uo)z

Le/wo)* - 117+ K (/o)™

-

(8.32) [A*q)]° =

[A())2

Over “he va.gs of {recuencdies expected in the wave record, the numer-
ator o thi ocop ecsion is always less wian tare deoorvisator, Thereiore the
waves record d v tae instrument will be too low c.d tae cpectrurn computed
from the wove record will have to be amplifi.d to ;¢ ie correct cpectrum.

The final equation given that [A%(11)]% is knova. sovinlts cuc to drd [A(w)]°.
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2
(8.33) [AW]" = >
((B/Bo)™ -1+ ﬂu)lz* kz(u/uo)z

[Asu))®

The form of the correction curve is shown in figure 8,3,
The spectrum actually determined will be discussed in a later pagt «

the report, The authors are indebted to Professor B. V., Korvin-Kroukovsky

of the Experimental Towing Tank at Stevens Institute of Technology, and
Harlow Farmer of Woods Hole Occanographic Institution for the derivation,
discussion and clarification of equation (8.26) and to Mr. Farmer again for

calibration data, Prof. Korvin-Kroukovsky found from purely theoretical

considerations using an added mass of unity that the resonant frequency

should be near 38 seconds. Tucker [1956] has discussed the calibration

of essentially the same wave pole except that the depth of submergence of the

tanks is different, and the derivation follows his results. Tucker's results

show that a change in the depth of submergence of the tanks by a few feet one

way or the other changes the results markedly.
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Par: 9
THiI. LEVELED DATA, THE NUMERICAL ANALYSIS AND
THE WUMERICAL RESULTS .

The Leveled Data

The firs: numerical task was to level the data using the equations derived
in Part 8. Missing dala was a complicating factor., For the most part this
was caused .’ L.e presence of the ATLANTIS. The missing coordinates are

given below:

Daia Se. ¢ Data Set 3
Ak ik
(39, 45) (2, 45)
(40, <:t) (39, 50)
(11, 45) (44, 3)
(12, 4%) (45, %3) A
(46, 53)
(43, &2)
(46, 62)

wihere j is ¢ irdex running from 0 (o 59 and x 1s e index running from
0 to 89.
With missi' g points in the datia, there are two possible ways to level

the data. Oune would e to minimize the sum of (li¢ syuares of the deviations

"
4
of the known -raliies ou inc spot heights from an (nown tilted plane. 71he c .
]
other would be to interpolate the unknown values fromn the known data; g ]
use them in the equations given in Part 8; and le el 'oc data. The first
82 .
B A U . ‘




B
. e — vl - -

the two procedures described above was employed, but it will also be shown

v.at the second procedure is simpler and that it gives substantialy the same

reruits.

The original set of equations for the assumed complete set of data 1s

by the matrix equation (see Part 8):

given
(9. 1) AX =B
where A is the matrix:
ZJZ Zjk Z) .
(9. 2) Zjk Tk Tk
Zj Zk z1

and where T represents the double sum:

89 59
(9. 3) r X
k=0 j=0
A calculation shows A to be:
o, 318,900 7,088, 850 157, 200
(9. 4) 7,088, 850 14, 337, 900 240, 300
159, 300 240, 300 5, 400
B is defined as the vector:
Zj Njk
(9. 5) Zk Njk
ZNjk

where T is defined by (9.3).

The column vector, X, is given by
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(9. 6)

where a, b, and ¢ determine the coeficients of the unknown tilted refer-
ence plane,
The zquation for the leveled data is
NJf“k= Nj - aj-k-c
The modified equations which take into account the missing data are given
by eqn. (9. 7) where the summations omit the missing points.

(9.7) A'X = B"

The numerical results for sets 2 and 3 are as follows:

Set 2 Set 3 ‘
6,312,334 7,081, 560 159, 138 6, 307, 157 7,072,663 159,033 |
A' |7,081,560 14,329,800 240,120 7,072,663 14,313,780 239, 892
159,138 240, 120 5, 396 159,033 239,892 5,393
767,640.680 847,416.000
B' 1, 184,012,640 1,261,367.290
26,618.730 28,650.330 |
-.010744 + .001575
X -. 000140 : -.003584
+5.256144 +5.425500
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The fins! equations for the leveled dats, Nj&. are givea by:

(9.9) Nj‘k = Ny ¢ .010744) + .000140k - 5.256144
(9. 9) Nf) = Ny - 001575 + 003584k + 5.425500

The leveled data are given in Tables 9.1 and 9.2. Data at the missing

points were determined by interpolating the leveled data at the neighboring

points.

The preceding can be simplified by interpolating the data at the start

for the missing points. It will be shown that this method yields the same re-

sults to at least five significant figures. From equation (9. 8) the missing

data in the second run are given by:
(39, 45) : 4. 830825
(40, 45) : 4. 820081
(41, 45) : 4. 809338

(42, 45) : 4. 789590

if N"k is assumed to be zero at the missing points. By interpolation at the

J

neighboring points, one could assume the missing data to be given by:

(39, 45) : 5.02
(40, 45) : 5.03
(41,45) : 4.92

(42,45) : 4. 77

1f one were to start the leveling over again, with the missing data

tabulated above under the assumption that N;k were zero at the missing

points thus using the entire 5400 points ami the matrix A, there would be

This is a fundamental property of a least square

85 %

no change in the results.




solution. However, if one were to level with the interpolated data, the re-
sults would be almost indistinguishable, Lecause the vectors - {or Soth
cases cgirce to 2t least 5 significan, figures. Hence the solutions agree.
Thus in a repetition of this problem, missing data could s;in'ply be averaged
at the start. The column vector E for Set 2 for the casc in which N;k is
assumed to be zero is given by
768, 420. 609
B=|1,184,879.288
26, 637,989
and if the interpolated points are used, 2 for Set 2 i. giveu 1y
768,440.13
B=1]1,184,901. 39
v 26, 638. 49

The missing data for Set 3 under tne assumption that N’-.i{ is zero at

J

each of the missing points is given by

Ak

(2, 45) : 5.26735
(39,50 ) : 5,30770
(44, 63) : 5.26898
(45, 63) : 5.27056
(46, 63) : 5.27213
(45, 62) : 5.27414

(46, 62) : 5,27572
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By interpelation at the neighboriag peints ene could assume the miss-
ing data to be given by
e B
(2, 45) : 5.15

5.11

(39, 50)
(44, 63) : 5.28
(45, 63) : 5.39
(46, 63) : 5.59
(45, 62) : 5.43

(46, 62) : 5.53

-

The column vector B for Set 3 for the case in which N;k is assumed

to be zero is given by
848, 825,093
B= |1,263,519.932
28, 687. 267 H
and if the interpolated points are used, B for Set 3 is given by

| 848, 856. 34

B= |1,263,558.44

| 28, 687. 81
The leveling equations for the two different ways of leveling each set
of data were actually obtained. The greatest difference in the two sets of

data between the two methods was -0.02 ft which was far below the level

of accuracy in the original spot heights.

The preceding calculations were carried out on the Univac, a large
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digital computer. The actus]l computation tock oaly a few minutes; however
the clerical work invelved in correcting errors in the data and in the program
censumed almest two asurs. Were the problem to be done for a new set of
data, only a few minutes of Univac time would be needed, 2s the program al-
ready exists, and the data can be made ready by a card to tape converter. *

Bpectrum Computatien by Means of the Univac

The computation of the covariance surface is an extremely long compu-
tation, involving many millions of multiplications. Thus it could be most
speedily handled by the IBM 704, the NORC, or the LARC.

Programming the covariance surface on the Univac was especially diffi-
cult becausc of its limited memory. 8$ince many numbers must be available
almost simultaneously, it was deemed inefficient to store the data on tape, as
tape time would add censiderably to the program's running time. The way out
of this dilemma was te break up the 90 by 60 array into three arrays: 44 x 60,
2x 60, and 44 x 60. There is considerable cverlap. 8ince we want a lag of
20, the middle group must contain 20 rows above and below; thus it contains
42 rows in all, These data were packed 4 on a line., In this way, it was
possible to pack an entire section in the memory, and still have enough in-
structions for the pregram. Since no room was left for sign, a constant
was added to all the data to make them positive. The reader may rerceive
how these factors added materially to the length of the computation run,
Every two numbers had to be isolated by an ingeniocus system of shifts; then

the same censtant had to be subtracted out. Only then could the numbers be

multiplied and the preduct accumulated in a counter. Then the calculation
a8
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of the covariance surface is accemplished by means of three pregrams yield-
ing three 2] x 41 matrices. The sum of these three matrices equals
Q(p. 9)(90 - h' )(60 - p), and a division will obtain the required values for the
covariance surface. 8ince the problem is quite long, procedures have been
established in case of machine trouble. The program can be restarted by
typing on supervisory ceatrel the.initial desired two-dimeasienal lag. The
computer will pick it up from that peint. A flow chart for this program is

given in figure 9, 1.

The spectrum program did not present suck difficulties because the en-

tire data could be easily written in the memory.

These programs were compiled by means of Generalized Programming,
a particular system of automatic programming developed by the Univac Divi-
sion of the Sperry Rand Corp. These programs for a general array can be
found in the G. P. Library under the call letters AUC2, and COSM. They
are available at the Univac Division of Sperry Rand, Inc., 19th and Allegheny
Avenue, Philadelphia, Pennsylvania.

To complete the program, an input-output routine must be added. This

program has been written. It exists on tape at the College of Engineering,
New York University. Further checking is deemed desirable before a pro-

duction run is attempted.

The complete Univac procedure for detern ininy the spectrum from

leveled data has thus been set up. After further checking, it could be used

given about twenty hours of Univac time for each set of data.
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Spectrum Computation by Means of the Logistics Computer

The problem was eventually run on the Logistics Computer, owned by
the Office of Naval Research and operated by the George Washington Univer-
sity Logistics Research Project. Time was made available by ONR. This
computer is a plugboard controlled electronic digital computer with a large
internal drum memory of approximately 175,000 decimal digits. For this com-
putation a word length of 12 decimal digits (in reality 11 1/2, since negative
numbere are represented by 9's complements) was used, providing over
14,000 words of memory, more than enough to store all the necessary data at

each stage of computation.

The leveled data N;k were provided on punched cards for both data sets
2 and 3. A later computation was made on Data Set 2A derived from Data Set 2
Ly the deletion of all j from 50 to 59 and all k from 0 to 19 inclusive, pro-
viding a 50 x 70 array; and on Data Set 3C derived from Data Set 3 by the de-
letion of all j from 0 to 9 and 50 to 59, inclusive, providing' a 40 x 90 array.
The N?k were converted from cards to paper tape. Conversion and input were
checked by comparing jzk N;k on the drum with a check su:n of the punched
cards. As each value o; Q(p, q9)(90 -lq')(bo - p) was computed, it was punched
out on paper tape, ready for further input. Total computation time for Data

Sets 2 and 3 was about 30 hours apiece, each computation involving 3,433,500
multiplications and 6,867,000 drum references. For Sets 2A and 3C the

computation time was about 18 hours each. The computer was allowed to run

overnight unattended without encountering too many difficulties. Duec to lack
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of time no check on the above computation was made for Sets 2 and 3 other than

visual observation of the results for reasonableness. For Sets 2A and 3C,

however, a check computation of qu Q(p, q)(90 - '*(60 - p) was made, two
minor errors being discovered and corrected in the results for Set 3C. This
check computaticn required about 6 1/2 hours for each set and would have re-
quired about 11 hours for Data Sets 2 and 3. Since the Logistics Computer
does not include division as a basic operation, this had to be subroutined in
order to find the values of Q(p, q), a matter of a few minutes. This division was
checked by repetition of the program. The values of Q(p,q) were converted
from tape to punched cards for listing, the conversion being checked in the case
of Data Sets 2A and 3C by comparing the sum of the Q(p, q) on tape with the
corresponding card sum.

The Q(p,q) were fad back into the computer, being doubled before being
stored., FEach side of the resulting matrix was then multiplied by 1/2, the core
ner elements belonging to two sides, being multiplied twice. In this manner
the covariance surface Q*(p,q) was stored on the drum. 1.21095 cos %?6
(G=0,1, *++, 39) were also stored on the drum. The factor 1.21095 x 10-7
was introduced to divide by 800, to locate the decimal point (since, say, 0.311
was entered as 311), and to convert from the scale of the stereo planigraph to
feet (0.1016 mm = 1 foot). During the computation of the spectrum rp + sq
was reduced modulo 40 to the least non-negative residue. Because of the
ranges of p,q,r, and s, reletfing of rp + sq at the limit of the range of any

variable ‘vas quite easy. "The total computation time for each spectrum was
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about 7 heurs. In the case of Data Sets 2A and 3C the L{r,s) were punched
into cards, the cemversion from tape to cards being checked by summation.

In the earlier computation of Data Sets 2 and 3, due to an error made with
derivation of the equations in Part 8, the values of L%(r,s) were computed

and punched into cards., As & check ZL#%(r,s) was compared with Q(0.0)/(l.Olb)‘:’
to which it should be equal. This check was made by hand for Data Sets 2 and 3
and by machine for 2A and 3C. In all cases there was agreement to four signi-
ficant figures, the values for Data Sets 2, 3, 2A, and 3C being 4.614, 4.299,
4,105, and 4.049, respectively.

For Data Sets 2 and 3 the final smoothing was performed incorrectly, due

to the above mentioned error, on the L*(r, s) matrix rather than the L{(r,s)
matrix. This error was corrected by the time Data Sets 2A and 3C were run,
and correct procedures are described in Part 8. The L(r,s) matrix on the
drum was bordered to provide the proper values for r = -1, 21 and s =21, 21.

A final computation of approximately 15 minutes per data set provides the

U(r,s). For Data Sets 2 and 3 U(r,s) (incorrect in the two outer columns

and rows because of the use of L*(r, s)) was puached on tape and converted

to cards. Many of these values were checked by hand, and no errors were
discovered, For Data Sets 2A and 3C U(r,s) (correctly computed from L(r,s))
was used to obtain U#(r,s) (the borders being multiplied by 1/2), punched out

on the tape, and converted to cards. For both of these sets as a check ZL#(r,s)

was compared to ZU#(r,s), agreement being obtained to seven significant

figures.
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Although computation time was greater than it would have been on the
Univac or other large machine, the problem as done on the Logistics Computer
was conceptually simpler, because of the ability to store ultimately all data
needed at any computation stage, and more economical (even if the problem had
been clurgeibr) due to the smaller cost per hour of this machine.

In conclusion, the authors would like to thank Louis Grey, Anatole Holt
and William Turanski for the help and advice they have given in the Univac pro-
gramming, Gordon J. Morgan of the Logistics Research Project, William W.
Ellis and Bernard Chasin who helped with the IBM card operations needed to
provide the tables in this report.

The original spot height data furnished by the U.S. Navy Hydrographic
Office, the leveled data, the values of Q(p, q), L*(r,s), and U(r,s) for the ori-
ginal computations, and the values of Q(p, q), L(r,s), and U(r,s) for the re-
duced data, are given in the following tables. (Note that in order to compute
the U(r, s) v lues, the L(r, s) values must be used, and not the L*(r, s) values.)
The tabulated values of L*(r, s) should be doubled on all borders except at the
corners where they should be quadrupled to obtain the L(r, s) values., These
values are also available in a deck of IBM punched Cl;'dl at the Research Divi-
sion of the College of Engineering, New York University. The raw data and
the leveled data are given in 540 cards per run, for Data Sets 2 and 3 and
350 and 360 cards for Data Sets 2A and 3C, respectively; and the covariance
surface, the spectrum, and the smoothed spectrum are given on 841 cards

per run. Thus 11,882 cards are available in all. All Logistics Computer proe

grams used are in the possession-of George Stephenson.
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!ﬂnuth. of Talles

The decimal peint is not shown in any of the tables. The units for each

table are given below. Negative numbers in all tables are shown by an
asterisk (*).
Tables 9.1 and 9.2,

The value of N(00, 00) in Table 9.1 (the number in the upper left corner
of the first page) can be read as -2,56 feet (approximately). To get feet
exactly divide 2.56 by 1.016. All other numbers can be similarly
interpreted.

Tables 9.3, 9.4, 9.15, and 9.16,
The value of Q(0,0) in Table 9.3 is 4.763 (ft)% (2pproximately). Te- get
" ()2 exactly divide 4.763 by (1.016)2.
Tables9.6, 9.7, 9.17, and 9.18.

The value of L(0,20) in Table 9.17 is 0,0013 (ft)2. All other L{r,s)
values can be iaterpreted similarly. To convert the L#(r,s) values in
Table 9.6 and 9.7 to L(r,s) values, double all entries that have 20 as
a coordinate, double the first column, and redouble the entfies at the
four corners.

Tables 9.8, 9.9, 9.19, and 9.20.

The value of U(1,00) in Table 9.19 it 0.0302 (£t)%, All other values
can be interpreted the same way for Tzbles 9.19 and 9.20 in which the
values of U are bordered.

Note Tables 9.13 and 9.14 in connection with Tables 9.8 and 9.9
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in which the corrected values of U(r,s) are not bordered.
Tables 9.1]1 and 9.12 N§0,00) is 50.0 feet apms aximately. To convirt o
feet exactly, divide by 1.016. Other entries can be interpreted

similarly.
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